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Memge  du  President 

de  l’ASSOCIATION  AERONAUTIQUE  ET  ASTRONAUTIQUE 
DE  FRANCE 


En  1785,  il  y  a  exactement  deux  cents  ans,  le  plus  illustre  Americain  de  1'epoque,  Benjamin  FRANKLIN,  quittait  la  France  pour 
regagner  definitivement  les  Etats-Unis,  au  terme  d'une  mission  diplomatique  qui  jetait  les  bases  de  deux  siecles  d'amitie  et 
d'alliance  entre  les  deux  peuples.  Ce  mSme  homme  avait  ecrit,  trente  ans  plus  t6t,  un  ouvrage  scientifique  remarquable  dans 
lequel  il  attribuait  a  1'electricite  1'origine  de  la  foudre. 

Depuis  cette  epoque,  les  applications  industrielles  de  1'electricite  ont  connu  un  developpement  prodigieux,  sans  cependant  que  la 
connaissance  de  ses  manifestations  naturelles  progresse  tout  a  fait  au  mSme  rythme,  et  c'est  peut-$tre  aujourd'hui  dans  la  mesure 
ou  le  phenomene  naturel  apparatt  comme  perturbateur  de  1'application  que  son  etude  est  vigoureusement  reprise. 

C'est  un  honneur  pour  la  France  d'accueillir  les  lointains  disciples  de  Benjamin  FRANKLIN  venus  des  Etats-Unis  et  du  reste  du 
monde  pour  s'entretenir  des  moyens  de  proteger  l'Humanite,  exposee  a  tant  de  nouveaux  perils,  contre  celui  qui  lui  apparut 
longtemps  comme  la  manifestation  privilegiee  de  la  colere  des  dieux. 


P.  CONTENSOU 


Message  from  the  President 

of  the  ASSOCIATION  AERONAUTIQUE  ET  ASTRONAUTIQUE 
DE  FRANCE 


Exactly  two  hundred  years  ago,  in  1 785,  the  most  famous  American  of  the  period,  Benjamin  FRANKLIN,  left  France  to  return  to 
the  United  States  for  good,  at  the  end  of  a  diplomatic  mission  which  laid  the  foundation  of  two  centuries  of  friendship  and 
alliance  between  the  two  peoples.  This  same  man  had  -  some  thirty  years  before  -  written  a  remarkable  scientific  work  in  which 
he  attributed  the  origin  of  lightning  to  electricity. 

Since  this  period,  industrial  applications  of  electricity  have  enjoyed  a  tremendous  development,  without,  however,  the 
understanding  of  its  natural  manifestations  having  kept  up  the  same  pace.  But,  today,  in  the  measure  that  this  natural 
phenomenon  appears  as  a  perturbing  element  in  these  applications,  its  study  is  being  vigorously  pursued. 

It  is  an  honor  for  France  to  welcome  the  present-day  disciples  of  Benjamin  FRANKLIN  from  the  United  States  and  from  the  rest 
of  the  world,  to  discuss  together  the  means  of  protecting  Humanity  -  which  is  exposed  to  so  many  new  dangers  -  from  this 
particular  one  which  was  for  so  long  considered  as  the  special  manifestation  of  the  anger  of  the  gods. 
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CONFERENCE  D'OUVERTURE 


PROTECTION  A  LA  FOUDRE  DES  AVIONS  MODERNES 
Le  point  de  vue  de  I'Avionneur 

D.  LEROUGE 

Directeur  Technique  Adjoint,  AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION,  78,  Quai  Carnot,  92214  Saint-Cloud,  France 


INTRODUCTION 

A  1'instar  d'autres  secteurs  industrials,  I'industrie  aerospatiale  accomplit  une  profonde  mutation  technologique  et 
technique.  Celle-ci  est  principalement  axee  sur  l'emploi  a  grande  echelle  de  materiaux  composites  et  ('utilisation  d'une 
electronique  omnipresente,  appelee  a  traiter  toutes  les  fonctions  de  I'avion. 

Cette  evolution,  qui  permet  d'accroUre  les  performances  de  I'avion  et  d'etendre  son  domaine  operational,  ne  peut  itre 
acceptee  qu'au  prix  d'une  parfaite  mart  rise  de  la  security  des  vols  pour  toutes  les  conditions  d'environnement  rencontrees. 

Or,  la  susceptibilite  de  I'avion  moderne  aux  effets  directs  et  indirects  de  la  foudre,  s'est  sensiblement  accrue.  Trois  raisons 
principals  sont  responsables  de  cette  situation  : 

1  -  La  faible  conductivity,  voire  l'absence  de  conductivity  des  materiaux  composites  (carbone,  kevlar). 

2  -  La  vulnerability  accrue  des  composants  micro-electroniques  aux  transitoires  de  tension  ou  d'energie. 

3  -  Le  rflle  critique  de  I'electronique  pour  assurer  les  fonctions  Vitales  c,e  I'avion. 

Ainsi,  I'Avionneur  se  trouve-t-il  confronte  a  des  problemes  nouveaux  en  maticre  de  protection  qui  reclament  des  solutions 
aptes  a  restaurer  un  equilibre  qui  semblait  momentanement  compromis. 


SITUATION  ACTUELLE 

Dans  cette  periode  de  transition  oil  I'Avionneur  manque  de  references  (les  Specifications  ne  sont  plus  adaptees,  les 
conditions  applicables  aux  equipements  ne  sont  pas  encore  fixees),  ses  efforts  se  sont  deja  concentres  a  .a  resolution  ponctuelle 
des  problemes  apparus  lors  d'essais  aux  effets  directs  ou  indirects  de  la  foudre  : 

-  sur  les  materiaux  composites  : 

.  pour  assurer  une  meilleure  tenue  mecanique  des  elements  situes  en  zones  exposees  (bords  de  f  uite  d'empennages 
ou  de  voilure)  ou  mini  miser  les  endommagements  de  surface. 

.  pour  renforcer  la  protection  aux  basses  frequences. 

.  pour  ameliorer  les  basons  electriques  des  assemblages  structuraux  pseudo-isoles. 

-  sur  les  reservoirs  de  carburant  non  metalliques  : 

.  afin  d'eli  miner  les  risques  importants  d’etincelages  internes  capables  de  provoquer  une  explosion. 

-  sur  les  equipements  electroniques  et  les  circuits  associes  i 

.  en  vue  de  mlnimiser  let:  perturbations  et  eviter  la  deterioration  des  circuits  d’interface,  saclant  que  .'a  redondance 
d'un  systeme  peut  Ctre  mise  en  defaut  si  la  perturbation  affecte  simultanement  les  circuits  concernes. 

11  est  certain  que  I'etude  de  la  protection  d'un  avion  doit  §tre  conduite  selon  une  methodologie  rigoureuse  et  que  les 
principes  de  protection  doivent  §tre  correctement  etablis  des  les  premieres  etapes  de  la  conception  d'un  nouvel  avion  :  les 
elements  structuraux  ou  revttements  composites  se  prftent  mal  aux  modifications  ;  de  mime,  les  modifications  d'une 
electronique  de  plus  en  plus  complexe  et  integree  sont  coOteuses  et  peuvent  compromettre  les  delais  de  realisation. 


POUR  LE  FUTUR 

L'effort  de  recherche  de  ces  dernier es  annees  s’est  dtja  concretise  par  une  meilleure  connaissance  du  phenomene  nature!, 
notamment  en  vol,  et  de  ses  consequences  sur  les  materiaux  et  les  systemes  de  I'avion. 

Pour  la  mise  en  oeuvre  d'une  methode  globale  de  protection,  I’Avionneur  souhaite  que  Paction  entreprise  se  poursuive,  et 
mime  que  lui  soient  fournis  rapidement  les  moyens  d'action  et  de  decision,  dans  les  domalnes  qui  refletent  ses  besoins  immediats 
et  qui  sont  : 


VIII 


-  L'etude  des  mecanismes  de  couplage  direct  ou  par  diffusion 

Cette  etude  a  la  fois  theorique  et  experimentale  doit  tenir  compte  de  la  geometrie  et  de  la  repartition  des 
nouveaux  materiaux  qui  recouvrent  des  zones  importantes  d'un  avion  moderne  (pointe  avant,  compartiment 
electronique,  voilure,  compartiment  moteurs). 

-  L'analyse  du  comportement  d'ensembles  electroniques  complexes  au  foudroiement  naturel 

L'etude  du  foudroiement  en  vol  a  deja  fourni  des  resultats  tres  positifs  tels  :  la  trajectographie  de  la  foudre  en 
balayage  (F-106B),  les  premieres  mesures  de  couplage  eiectromagnetique  a  travers  des  ouvertures  (TRANSALL04) 
ou  encore  le  spectre  eiectromagnetique  emis  (C-580  et  TRANSALL04). 

II  paraft  necessaire  de  poursuivre  ces  essais  afin  de  completer  les  informations  de  caracterisation  de  la  foudre 
et  de  son  interaction  avec  l'avion. 

En  complement  de  ces  essais,  il  s<  ait  utile  de  soumettre  des  electroniques  de  techniques  recentes  aux  conditions 
reelles  de  foudroiement  et  comparer  ensuite  les  reponses  obtenues  a  celles  issues  de  la  simulation  au  sol,  qui 
laisse  subsister  un  doute  quant  a  sa  representativite.  Une  experience  de  ce  type  conduirait  a  realiser  une 
installation  capable  de  mettre  en  evidence  les  divers  modes  de  couplage  qui  apparaftront  sur  l'avion  pour  lequel  le 
systeme  est  congu. 

-  Les  programmes  de  calcul  eiectromagnetique  3D 

Les  formes  geometriques  d'un  avion,  l'assemblage  de  ses  elements  constitutifs,  les  materiaux  utilises  et  les 
cheminements  de  ses  circuits  electriques  sont  d'ores  et  deja  informatises. 

La  prochaine  etape  devrait  conduire  a  y  associer  un  programme  de  couplage  eiectromagnetique  dans  le  double  but  : 

1)  de  pouvoir  evaluer,  des  les  premieres  etapes  de  conception  d'un  nouveau  projet  d'avion,  les  niveaux  induits 
sur  les  circuits  reliant  les  equipements  de  l'avion. 

2)  de  proceder  ensuite  a  l'etude  d'optimisation  des  protections,  en  considerant  I'ensemble  des  exigences  de 
protection  liees  aux  conditions  d'environnement  applicables. 

-  La  definition  des  niveaux  de  protection  applicables  aux  equipements  et  des  methodes  d'essais  correspondantes 

La  protection  eiectromagnetique  globale  d'un  systeme  est  repartie  entre  t 
.  l'avion 
.  les  circuits 
.  les  equipements. 

Pour  fixer  la  part  qui  incombe  aux  deux  premiers,  1'Avionneur  doit  connaitre  les  niveaux  que  peut  si  jorter 
I'equipement,  niveaux  auxquels  il  sera  soumis  lors  des  essais  de  qualification. 

Les  documents  existants  fixant  les  conditions  applicables  et  decrivant  les  methodes  d'essais  (DOI60/ED14, 
SAE  AE4L,  MIL  STD  1757,  STANAG...)  doivent  dtre  mis  a  jour  ou  completes. 

L 'experience  actuelle  montre  que  1'Avionneur  est  amene  a  multiplier  les  essais  et  renforcer  la  protection  au  niveau 
de  l'avion  en  attendant  qu'une  normalisation  apparaisse. 

-  Les  moyens  de  contrflle  initial  et  de  maintenance 

De  nouveaux  besoins  sont  apparus  pour  le  contrfile  des  protections  applicables  aux  materiaux  composites  associes 
ou  non  a  des  elements  classiques  tres  conducteurs. 

Qu'il  s'aglsse  du  contrble  des  metallisations  de  surface  ou  des  liaisons  entre  elements  voisins,  les  methodes  de 
contrflle  sous  courant  continu  appliquees  aux  structures  metalliques  s'averent  inutilisables. 

Les  techniques  qui  seront  proposees  devront  permettre  de  juger  de  i'etat  initial  et  de  la  tenue  dans  le  temps  des 
solutions  appliquees  pour  la  protection  aux  effets  directs  et  indirects  de  la  foudre  et  la  protection 
eiectromagnetique  generale  de  l'avion. 

CONCLUSION 


Un  travail  important  reste  a  accomplir  avant  de  fournir  une  reponse  satisfaisante  aux  questions  qui  se  posent  encore 
concernant  t 

•  la  caracterisation  de  la  menace 

•  la  vulnerability  de  l'avion  et  de  ses  systemes  5 

-  le  chotx  des  protections 

-  les  methodes  et  moyens  d'essais. 

L'Avlonneur  ne  peut  attendee  que  tout  soit  finalise.  Actuellement,  a  la  lumiere  des  plus  recents  travaux,  II  s'efforce  de 
choisir  les  solutions  les  plus  aptes  a  assurer  la  securite  des  avions  de  formule  nouvelle  <jui  sont  deja  en  construction.  En  I'absence 
de  cri teres  plus  precis,  ces  protections  sont  souvent  surdimensionnees,  avec  I'inconvenient  de  reduire  les  avantages  Issus  des 
techniques  nouvelles. 

Dans  ces  conditions,  il  paraft  urgent  de  definir  les  nouvelles  regies  de  conception  ou  de  regtementation  s'appli quant  aux 
avions  Incorporant  des  technologies  ou  techniques  modernes  ;  ce  travail  devrait  largement  tenir  compte  des  options  ou 
orientations  qui  auront  ete  retenues  au  cours  de  la  per  lode  de  transition. 
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PROTECTION  OF  MODERN  AIRCRAFT  AGAINST  LIGHTNING 
A  manufacturer's  point  of  view 
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D.  LEROUGE 

Deputy  Technical  Director,  AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION,  78,  Quai  Carnot,  92214  Saint-Cloud,  France 


INTRODUCTION 


-  Like  many  other  industrial  fields,  the  aerospace  industry  is  experiencing  deep  technical  and  technological  changes.  These 
changes  are  mainly  directed  towards  the  use  at  a  large  scale  of  composite  materials  and  generalization  of  active  avionics  to  deal 
with  all  aircraft  functions,  including  those  which  are  critical  for  the  flights. 

c 

This  development,  which  improves  the  aircraft  performance  and  increases  its  operational  range,  can  only  be  accepted  at 
the  cost  of  a  perfect  control  of  the  flight  safety,  for  all  encountered  environmental  conditions.. 

In  the  meantime,  susceptibility  of  today's  aircraft  to  lightning  direct  and  indirect  effects  has  noticeably  increased.  Three 
main  reasons  are  responsible  for  this  situation  :  . 


l'i-  The  low  or  even  the  absence  of  conductivity  of  composite  materials  (carbon,  kevlar^.  , 

'2-  The  increased  vulnerability  of  microelectronic  components  to  voltage  or  energy  pulses^  -  • 

3  -  The  critical  role  of  electronics  to  insure  the  aircraft  vital  functions  (fly  by  wire,  engine  control,  etc...). 

Thus,  the  aircraft  manufacturer  has  to  cope  with  new  problems  in  the  field  of  protection,  requiring  solutions  to  restore  a 
balance  which  seemed  temporarily  compromised. 


PRESENT  SITUATION 

In  the  transition  period,  where  the  aircraft  manufacturer  lacks  references  (specifications  are  no  longer  adapted  and 
applicable  requirements  to  equipment  not  yet  defined)  efforts  have  been  concentrated  on  punctual  solutions  to  problems  which 
appeared  during  tests  performed  to  study  direct  and  indirect  lightning  effects  : 


r 


~  i  f 
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on  composite  materials  : 

.  to  ensure  a  better  mechanical  behaviour  of  components  located  in  exposed  areas  (tail  or  wing  trailing  edges),  or  to 
minimize  surface  damages. 


-  on  non-metallic  fuel  tanks  : 

.  to  eliminate  important  risks  of  internal  sparking  capable  of  inducing  an  explosion. 

-  on  electronic  equipment  and  associated  circuits  : 

.  to  minimize  upset  of  electronic  systems  and  avoid  failure  of  interface  circuits,  taking  into  account  the  fact  that 
redundancy  of  a  system  can  be  lost,  should  the  disturbance  simultaneously  affect  the  concerned  circuits. 

It  is  certain  that  studies  to  harden  aircraft  must  be  conducted  according  to  a  rigorous  methodology  and  the  protection 
principles  be  well  established  from  the  first  design  stages  of  a  new  aircraft,  as  composite  materials  can  hardly  be  modified  ; 
likewise,  modifications  of  more  and  more  complex  and  Integrated  electronic  systems  are  expansive  and  can  jeopardize  the 
program  time  schedule. 


THE  FUTURE 


Research  efforts  of  these  last  years  have  already  led  to  a  better  knowledge  of  the  natural  lightning  phenomenon, 
particularly  in  flight,  as  well  as  of  its  consequences  on  the  aircraft  materials  and  systems. 

In  order  to  develop  a  global  protection  method,  the  aircraft  manufacturer  wishes  that  the  action  in  the  fields  which 
reflects  its  immediate  needs  be  continued  and  means  of  action  and  of  decision  quickly  supplied,  amongst  said  needs  are  : 


X 


-  Study  of  coupling  mechanisms,  through  apertures  or  by  diffusion 

This  study,  which  is  theoretical  as  well  as  experimental,  must  take  into  account  both  the  geometry  and  the  location 
of  new  materials  covering  large  areas  of  modern  aircraft  'nose  cone,  electronic  compartment,  wings,  engine 
compartment). 

-  Analysis  of  the  behaviour  of  complex  electronic  systems  to  natural  lightning 

Study  of  lightning  in  flight  has  already  supplied  very  positive  results  such  as  :  swept  stroke  trajectography  (F-I06B), 
measurements  of  electromagnetic  coupling  through  openings  (TRANSALL04),  or  data  on  the  radiated 
electromagnetic  spectrum  (C-580  and  TRANSALL04). 

It  seems  necessary  to  continue  these  trials  in  order  to  complete  the  characterization  of  lightning  and  its  interaction 
with  the  aircraft. 

In  addition,  it  would  be  useful  to  evaluate  new  electronic  systems  under  real  lightning  conditions  in  order  to 
compare  the  results  to  those  gathered  from  ground  simulations,  which  remain  questionable.  Installation  of  new 
systems  would  lead  to  reproduce  all  coupling  modes  found  in  modern  aircraft. 

-  3D  electromagnetic  computing  codes 

The  aircraft  geometry,  the  assembly  of  its  components,  the  structural  materials  used  and  cables  routing  are  already 
available  in  computer  data  file. 

The  next  step  could  be  the  association  of  an  electromagnetic  code,  in  order  to  : 

1)  evaluate  induced  levels  in  circuits  connecting  the  various  equipment  units. 

2)  optimize  hardening  of  the  equipment  in  relation  with  the  overall  protection  requirements,  as  imposed  by  the 
environmental  conditions. 

-  Definition  of  the  protection  levels  to  equipments  units  and  related  test  methods 

The  overall  electromagnetic  protection  of  a  system  is  shared  between  : 

.  the  aircraft 
.  the  circuits 
.  the  equipment  units 

In  order  to  determine  the  protection  covering  the  two  first  items,  the  aircraft  manufacturer  must  know  the  threat 
level  the  equipment  can  stand. 

Documents  listing  applicable  conditions  and  describing  test  methods  must  be  either  updated  or  completed 
(DOl 60/EDI  4,  SAE  AE4L,  MIL  STD  1757,  STANAG...). 

Present  experience  shows  that  the  aircraft  manufacturer  is  led  to  multiply  tests  and  reinforce  protections  at  the 
aircraft  level,  pending  issue  of  a  standardization. 

-  Initial  check  and  maintenance  equipment 

New  requirements  came  up  to  check  protections  applied  to  composite  materials  which  can  be  associated  or  not  to 
highly  conductive  structural  elements. 

Previous  test  procedures  using  D.C.  methods  on  metal  structures  are  unusable  in  tests  made  on  composite  aircraft. 
Techniques  to  come  should  provide  for  the  possibility  to  measure  both  the  initial  state  and  the  changes  due  to  aging 
for  any  solution  selected  to  protect  the  aircraft  against  direct  and  indirect  effects  of  lightning  as  well  as  other 
electromagnetic  threats. 


CONCLUSION 


An  important  work  is  still  to  be  performed  ue fore  giving  a  satisfactory  answer  to  yet  unsolved  questions  covering  : 

-  threat  characteristics 

-  vulnerability  of  the  aircraft  and  iu  systems 

-  selection  of  protections 

-  test  methods  and  test  equipments. 

The  aircraft  manufacturer  cannot  afford  to  wait  until  everytning  is  set.  For  the  present  time,  and  considering  the  latest 
developments,  the  manufacturer  must  select  solutions  ensuring  safety  of  new  aircraft.  Precise  criteria  not  being  available,  these 
protections  are  often  overdimensioned,  thereby  loosing  some  of  the  advantages  coming  from  new  techniques. 

Under  these  conditions,  it  seems  urgent  to  define  new  recommendations  or  instruction  rules  specific  to  aircraft 
incorporating  the  latest  tecnratcgies  or  techniques  j  this  work  sliould,  as  much  as  possible,  take  into  account  choices  already 
mad-  or  trends  adopted  by  the  manuiorturer  during  the  transition  period. 
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Abstract  -  High  Altitude  EMP,  (HEMP)  and  Lightning  are  both  electromagnetic  environments  which  threaten 
afrcraf t .  These  environments  interact  with  aircraft  in  different  ways,  however.  In  this  paper,  we  com¬ 
pare  currents  and  changes  on  the  surfaces  of  various  simple  aircraft-like  geometries.  We  use  these 
resulting  currents  and  charges  to  compare  lightning  and  HEMP. 


I.  INTRODUCTION 

High  altitude  EMP  (HEMP)  and  its  concomitant  elec¬ 
tromagnetic  environment  potentially  threaten  an 
aircraft.  HEMP,  a  short  (~  0.1  us)  pulse  of  large 
amplitude  ('  50  kV/m)  arrives  at  aircraft  essenti¬ 
ally  as  a  plane  wave.  Although  this  pulse  generally 
contains  no  oscillations  (zero  crossings),  It's 
Fourier  transform  shows  frequency  content  over  a 
wide  band,  with  significant  content  up  to  100  MHz. 
For  present  purposes  we  use  a  well-known  public 
domain  HEMP  waveform. 

Lightning,  another  potential  threat,  can  Interact 
with  an  aircraft  In  two  essentially  different  ways. 
First,  for  a  nearby  strike,  the  electromagnetic 
fields  generated  in  and  near  the  stroke  channel 
impinge  on  the  aircraft.  Second,  for  a  direct 
strike  on  the  aircraft,  the  stroke  current  actually 
flows  on  the  conducting  structure  of  the  aircraft. 
The  first  of  these  effects  may  be  called  field 
Interaction  and  the  second,  current  Injection.  It 
is  reasonable  to  expect  that  the  latter  may  have 
larger  effects  than  the  former  because  the  strike 
current  path  is  along  the  aircraft. 

Because  of  the  increasing  concerns  about  these  two 
threats,  this  study  assessed  the  differences  between 
the  electromagnetic  environment  associated  with  HEMP 
and  that  associated  with  natural  lightning, 
including  the  manner  in  which  they  affect  aircraft. 
The  investigation  was  based  on  the  environments 
suggested  by  public  domain  literature  for  KEMP  and 
by  published  data  for  natural  lightning.  These 
environments  are  described  in  Section  2  of  this 
paper.  The  comparison  of  the  two  threats  was  based 
on  the  currents  and  charges  on  a  simple  geometry 
representative  of  the  characteristics  of  an  aircraft 
that  were  caused  by  the  two  electromagnetic  environ¬ 
ments.  In  Section  3  several  simple  analytical 
models  are  presented  to  relate  the  currents  and 
charges  to  the  environments.  These  models  are  then 
used  to  compare  the  two  threats  to  aircraft  In 
Section  4. 

In  Section  5,  operational  considerations  for  the  two 
threats  are  presented,  lightning  is  improbable  but 
damaging  to  aircraft.  Exposure  to  KEMP  is  essen¬ 
tially  certain  for  military  aircraft  in  war  but  is 
more  likely  to  cause  indirect  damage  to  electronic 
systems  than  the  direct  damage  often  caused  by 
lightning. 


Section  6  presents  the  conclusions  of  the  study, 
that  below  about  1  MHz  lightning  dominates,  above  10 
MHz  HEMP  dominates,  and  between  the  two  limits  the 
interaction  of  the  environment  with  the  aircraft  is 
sufficiently  complex  that  either  may  dominate, 
depending  on  the  details  of  the  aircraft. 

II.  ENVIRONMENTS 

This  section  presents  the  electromagnetic  environ¬ 
ments  produced  by  HEMP  and  lightning.  The  environ¬ 
ment  for  HEMP  is  that  presented  in  the  public  domain 
[Ref.  l].  The  lightning  environment  is  derived  from 
a  number  of  references  which  present  actual  measure¬ 
ments  of  lightning  electrical  characteristics.  In 
this  paper  the  mechanism  of  HEMP  and  the  various 
arguments  used  for  determining  a  lightning  environ¬ 
ment  are  only  summarized.  For  more  detail  see  ref¬ 
erence  2. 

HEMP  Environment 

The  generation  of  HEMP  by  a  nuclear  device  is 
described  In  detail  in  an  article  by  Longmire  [Ref. 
1],  In  this  paper  we  are  primarily  concerned  with 
high  altitude  EMP  which  is  characterized  by  an 
exoatmospheric  nuclear  detonation  and  a  source 
region  which  extends  from  20  to  40  km  altitude  and 
geographically  over  regions  as  large  as  the  conti¬ 
nental  United  States. 

HEMP  is  generated  by  the  interaction  of  weapon  gamma 
rays  with  the  atmosphere.  Weapon  gammas  scatter 
electrons  from  molecules  in  the  atmosphere  and  pro¬ 
duce  a  radial  current.  This  radial  current  would 
not  radiate  if  the  weapon  is  immersed  in  a  uniform 
atmosphere.  Since  the  weapon  is  above  the  earth's 
atmosphere  the  symmetry  is  broken  and  the  EMP  radi¬ 
ated  fielo  is  produced.  These  forward  scattered 
electrons  are  bent  in  the  earth's  magnetic  field  and 
produce  a  transverse  current  which  radiates  effi¬ 
ciently.  The  primary  electrons  produce  a  number  of 
secondary  electron-ion  pairs  vrfilch  form  a  background 
conductivity.  The  air  conductivity  limits  the  elec¬ 
tric  field  to  a  saturation  value.  For  this  study, 
the  saturation  field  Is  about  60  kV/m.  Sophisticated 
codes  are  used  to  calculate  the  field  levels  for 
HEMP  and  these  calculations  agree  well  with  experi¬ 
mental  data. 

The  incident  FCMP  waveform  depends  on  a  number  of 
factors  Including:  height  of  burst,  device  type. 
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atmospheric  conditions,  and  distance  from  the 
explosion.  To  avoid  this  complexity  during  the 
system  design  process  a  guideline  waveshape  Is 
used.  A  waveform  presented  In  reference  1  Is: 

E(t)  =  e-(t-t0)Ar  °+  e^o^f  (1) 

where 

EQ  =  60  kV/m  (saturation  field) 

=  250  ns  Is  the  fall  time 

t  =  2  ns  Is  the  rise  time  constant 
r 

and  u(t)  Is  unit  step  function. 

In  this  comparison  of  HEMP  and  lightning,  HEMP  will 
treated  as  an  Incident  plane  wave  with  the  waveform 
described  by  Equation  1.  With  this  waveform,  the 
peak  amplitude  Is  the  predicted  saturation  value  of 
60  kV/m.  While  the  peak  field  of  HEMP  depends 
strongly  on  device  design  and  burst  height,  this 
field  provides  a  reasonable  representation  of  an 
expected  HEMP  wave-form. 

Lightning  Environment 

In  this  report,  the  current,  that  Is  the  electro¬ 
magnetic  environment  for  direct  and  nearby  strikes. 
Is  assumed  to  be  produced  In  a  return  stroke  because 
It  typically  has  the  largest  currents  and  rates  of 
rise.  Detailed  descriptions  of  the  sequence  of 
events  In  a  lightning  discharge  and  relevant  defini¬ 
tions  are  contained  In  Uman  [Ref.  3]  and  Golde 
[Ref.  4j. 

To  characterize  the  lightning  environment,  which  is 
the  lightning  current,  three  figures  of  merit  are 
sufficient  to  specify  the  double  exponential  wave¬ 
form  of  Equation  (1).  The  three  figures  of  merit 
considered  here  are: 

(1)  Peak  Current 

(2)  Peak  rate  of  rise  of  the  current 

(3)  Integral  of  the  pulse 

Since  the  detailed  theoretical  modeling  effort 
applied  to  HEMP  has  not  been  applied  to  lightning. 
It  was  necessary  to  use  empirical  techniques  to 
determine  the  figures  of  merit  listed  above.  All  of 
the  available  measurements  from  which  estimates  of 
lightning  current  parameters  are  derived  may  be 
divided  Into  three  classes: 

(1)  Tower  measurements 

(2)  Measurements  on  aircraft  In  flight 

(3)  Radiated  field  Inference  of  current 

Data  from  each  of  these  sources  were  used  to  esti¬ 
mate  the  current  In  the  lightning  channel.  This 
current  within  the  channel  establishes  the  lightning 
current  waveform  that  constitutes  the  threat. 

Tower  Measurements. 

Tower  measurements  of  lightning  currents  are  made 
using  current  sensors  Installed  on  metal  towers 
located  where  there  Is  normally  a  great  deal  of 
lightning  activity,  generally  mountain  peaks.  Since 
the  tower  Is  part  of  the  lightning  discharge  cir¬ 
cuit,  the  effect  of  the  tower  Itself  on  the  measure¬ 
ments  must  be  considered. 


useful  summaries  of  lightning  currents  and  rates  of 
rise  of  the  current  are  given  in  Uman  [Ref.  3], 
Golde  [Ref.  4],  and  Garbagnatl  [Ref.  5].  Of  those 
summaries,  only  the  data  presented  by  Garbagnatl  Is 
fast  enough  to  see  characteristic  times  of  100  ns  or 
less,  so  that  data  will  be  shown  here.  The  longer 
version  of  this  paper  [Ref.  2]  contains  a  more  com¬ 
plete  presentation  of  the  data,  fhe  maximum  rate  of 
rise  reported  is  less  than  10u  A/s.  Other  sets  of 
tower  measurements  confirm  this  data.  When  cor¬ 
rected  for  ground  reflection  even  the  maximum  rate 
of  rise  observed  by  Ericsson  [Ref.  6]  is  very  near 
1011  A/s,  as  well . 

At  this  time,  tower  measurements  constitute  the  only 
low  altitude,  cloud  to  ground  lightning  current 
measurements  available. 

Aircraft  Measurements. 

Electromagnetic  measurements  made  on  a.i  aircraft  in 
flight  represent  another  useful  data  base  for  deter¬ 
mining  the  electromagnetic  environment  caused  by 
lightning.  Two  recent  sources  provide  data  on  the 
effects  of  lightning  direct  strikes  on  r..rcraft. 

The  peak  rate  of  rise  measured  on  the  boom  In  front 
of  the  F-1068  [Ref.  7]  Is  particularly  Interesting 
since  It  has  the  largest  rate  of  rise  of  the  cur¬ 
rent.  In  spite  of  the  low  (13.9  kA  maximum)  peak 
currents,  the  peak  rate  of  rise  found  by  taking  a 
graphical  derivative  of  the  current  records  was  1.3 
x  10* 1  A/s.  Significantly,  the  maximum  value 
closely  approximate  the  10“  A/s  maximum  rate  of 
rise  seen  In  the  tower  measurements. 

Currents  Inferred  from  Field  Measurements. 

Another  method  of  determining  the  current  In  a  dis¬ 
charge  Is  to  derive  the  current  from  distant  field 
measurements.  The  difficulty  with  this  method  Is 
that  the  current  derived  from  the  fields  Is  not 
unique  and  unfolding  the  very  complicated  early  time 
current  evolution  of  lightning  is  not  a  trivial  task 
since  no  quantitative  model  exists  for  the  early 
part  of  the  return  stroke. 

Since  the  recently  published  research  using  this 
method  suggests  very  fast  rates  of  rise  In  return 
strokes  the  methods  used  will  be  more  closely  exam¬ 
ined. 

Uman,  et  al.  [Ref.  8]  derive  the  relationship 
between  the  electric  field  and  the  current  In  the 
lightning  channel  under  a  restrictive  set  of  assump¬ 
tions.  The  Initiation  point  must  be  at  the  ground 
and  the  current  waveform  must  propagate  up  the  chan¬ 
nel  at  uniform  velocity  and  without  distortion  of 
the  waveshape  as  It  propagates.  It  Is  also  assumed 
that  the  fields  are  entirely  In  the  radiation  zone. 

Correcting  the  above  modeling  to  account  for  the 
return  stroke  currents  that  Initiate  from  a  point 
about  100  m  from  the  ground  rather  than  at  the 
ground  reduces  the  current  and  derivative  values  by 
a  factor  of  two. 

For  subsequent  strokes  there  Is  no  Initiation  region 
as  described  here.  However,  for  subsequent  strokes 
there  Is  a  memory  of  the  location  of  the  channel. 
The  breakdown  wave  is  limited  in  propagation  veloc¬ 
ity  by  the  velocity  of  light  rather  than  the  veloc¬ 
ity  of  propagation  for  return  strokes.  Near  the 
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ground,  l.e.,  at  early  times  the  appropriate 
velocity  for  the  Uman  model  is  that  of  light. 
Corrections  for  the  data  reported  in  reference  9, 
which  shows  the  distribution  of  the  derived  rates  of 
rise  from  the  fields,  brings  the  data  from  the 
fields  into  much  closer  agreement  with  the  data 
reported  from  tower  measurements. 

During  the  initial  stages  of  a  return  stroke,  the 
return  stroke  channel  radius  is  small;  consequently 
the  channel  is  simultaneously  resistive  and  Induc¬ 
tive  [Ref.  2].  Detailed  numerical  simulation  of  the 
evolution  of  the  channel  Indicates  that  the  channel 
diameter  is  less  than  about  2  mm.  The  Impedance  of 
the  initial  channel  for  high  frequency  does  allow 
current  waveforms  with  high  rates  of  rise  to  propa¬ 
gate  without  distortion  along  the  channel,  thus  vio¬ 
lating  the  assumptions  of  the  Umjn  model  [Ref.  2]. 
A  model  consistent  with  this  small  channel  at  early 
time  is  that  of  a  local  current  source  lather  than  a 
propagating  wave. 

A  final  item  to  consider  in  deriving  currents  from 
electromagnetic  fields  of  lightning  is  the  possible 
branched  configuration  near  the  ground.  A  conceptu¬ 
al  picture  is  shown  in  Fig.  1  which  Is  supported  by 
photographic  evidence  [Ref.  2].  The  effect  of  this 
branched  configuration  Is  that  currents  derived  from 
the  fields  of  lightning,  at  early  times,  are  poten¬ 
tially  a  factor  of  two  to  three  too  high. 


Fig.  1.  Possible  branched  configuration 
showing  closure  region  where  the 
transition  from  leader  to  return 
strokes  occurs. 


Summary  of  the  Lightning  Threat. 


A  review  of  the  available  data  on  lightning  suggests 
a  particular  waveform  for  the  lightning  return 
stroke  current.  The  waveform  is  similar  to  Equation 
(1)  for  the  HEMP  fields  but  has  different  parameter 
values.  We  conclude  the  lightning  current  should  be 
represented  by: 


Ht) 


-(t-t0)Ar  ♦  e(t-t0)/sf 


(2) 


where  k  Is  1.025  and  1  .  ■  100  kA 

P*  7 

V  Is  the  rise  time  constant  ■  2.5  a  10" 
chosen  to  give  a  maximum  rate  of  rise  10u 
A/s  at  t  ■  to 

xf  «  50  us  Is  the  fall  time  constant 
■*0  Is  an  offset  time 


Figure  2  is  a  plot  of  the  current  described  by  Equa¬ 
tion  2.  Fig.  3  shows  the  corresponding  frequency 
spectrum  for  the  waveform  described  in  Equation  2. 
Based  on  an  examination  of  available  data,  there  is 
a  severe  threat  described  by  Equation  2  with  a  maxi¬ 
mum  rate  of  rise  of  10u  A/s  and  a  maximum  current 
of  100  kA.  Also  an  expected  threat  should  be  repre¬ 
sented  by  the  same  rate  of  rise  but  a  maximum  cur¬ 
rent  of  10  kA.  It  should  be  noted  that  the  lower 
current  results  in  a  larger  frequency  content  above 
a  few  MHz. 
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Fig.  2.  Time  derivative  of  current 
described  by  Equation  2. 
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Tig.  3.  Frequency  spectrum  of  current  from 
a  Fourier  transform  of  Equation  2. 
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III.  INTERACTION 

In  addition  to  the  differences  In  the  electromag¬ 
netic  environments  produced  by  lightning  and  HEMP, 
these  two  threats  differ  In  the  way  they  Interact 
with  an  aircraft.  This  section  describes  both  quali¬ 
tatively  and  quantitatively,  using  simple  analytical 
models,  the  interaction  of  lightning  and  HEMP  with 
aircraft. 

Physics  Of  Interaction  of  Lightning  and  HEMP  With 
Ai rcraft 

Direct  Strike  Lightning. 

Direct  strike  lightning  and  incident  electromagnetic 
waves  like  HEMP  and  waves  from  nearby  lightning 
strikes  interact  with  aircraft  in  physically  differ¬ 
ent  ways. 

While  understanding  of  the  physics  of  interaction  of 
direct  strike  lightning  with  aircraft  Is  still  in 
Its  early  stages,  a  qualitative  description  of  the 
Interaction  may  be  given.  When  an  aircraft  enters  a 
thunderstorm.  It  Is  under  the  Influence  of  an  elec¬ 
tric  field  which  by  polarizing  the  aircraft  Induces 
Image  changes  and  causes  currents  to  flow  on  the 
aircraft's  skin.  If  a  leader  streamer  approaches 
the  aircraft,  those  fields  become  much  larger,  par¬ 
ticularly  around  sharp  corners  and  edges  near  the 
streamer.  As  the  local  fields  approach  a  level  of 
about  3  MV/m  the  air  begins  to  break  down  In  the 
field  enhanced  region  or  forms  a  corora.  This  cor¬ 
ona  exhibits  non-linear  characteristics  which  com¬ 
plicate  the  electromagnetic  behavior  of  the  aircraft 
under  the  Influence  of  the  nearby  streamer.  A  very 
qualitative  description  of  the  macroscopic  coronal 
behavior  Is  that  It  exhibits  the  conductivity  of 
wood  until  the  fields  begin  to  exceed  approximately 
3  MV/m.  At  this  point,  the  conductivity  of  the  air 
Is  Increased  substantially  by  electrons  produced 
through  avalanching  on  a  time  scale  that.  Is  short 
when  compared  to  lightning's.  The  increased  conduc¬ 
tivity  tends  to  clamp  the  field  at  the  3  MV/m  value. 

As  the  leadar  attaches  to  the  aircraft,  coronal 
activity  Increases  and  a  channel  forms.  As  current 
flows  through  the  channel,  the  air  gets  hotter  and 
the  number  of  active  physical  processes  increases 
dramatically.  Hydrodynamic  expansion,  radiative 
transfer,  thermal  conduction,  joule  heating,  and 
field  emission  from  the  metal  surfaces  all  play  a 
part  In  developing  the  channel  that  In  turn  forms 
the  current  carrier  of  the  lightning  direct  strike. 

The  system  of  clouds,  channel,  and  aircraft  should 
by  viewed  as  an  electrical  circuit.  Initially, 
because  the  channel  Is  cool  and  narrow,  It  is  both 
resistive  and  inductive;  consequently  It  limits  both 
the  current  and  its  rate  of  rise.  As  the  lightning 
channel  forms  and  as  the  return  stroke  current 
flows,  the  channel  becomes  hotter  and  larger  In  dia¬ 
meter.  These  increases.  In  turn,  diminish  the  resis¬ 
tance  and  Inductance  of  the  channel,  allowing  more 
current  to  flow  more  rapidly.  The  channel  expansion 
obeys  a  complex  set  of  simultaneous  differential 
equations  that  determine  channel  growth  that  Is  con¬ 
trolled  by  phenomena  like  radiative  heat  transfer 
and  complex  air  chemistry.  Since  the  aircraft. 
Itself,  Is  part  of  the  electrical  circuit  under 
examination.  It  must  be  considered  when  developing 
an  understanding  of  the  entire  Interaction  problem. 
Consequently,  researchers  must  include  both  the 


effect  of  the  aircraft  on  the  formation  of  the 
lightning  channel  as  well  as  the  effects  of  the 
channel  formation  and  the  corona  surrounding  the 
aircraft  when  they  analyze  the  current  flow's  effect 
on  the  aircraft.  Itself.  In  other  words,  the  com¬ 
plete  interaction  of  direct  strike  lightning  with  an 
aircraft  Is  a  nonlinear  Interaction  of  a  large  cur¬ 
rent  with  the  air,  the  aircraft  and  the  region  of 
the  thunderstorm  local  to  the  aircraft.  Many  of  the 
details  of  the  physical  processes,  however,  are  not 
completely  understood  because  of  the  range  of  length 
scales  in  the  problem  and  the  large  variation  in  the 
physical  variables.  The  problem  is  not  susceptible 
to  either  brute  force  numerical  or  to  empirical 
techniques. 

One  way  the  surrounding  corona  and  the  attached 
channels  manifest  themselves  Is  by  altering  the 
resonant  frequencies  of  the  aircraft.  These  reso¬ 
nant  (or  natural)  frequencies  of  a  structure  are 
useful  In  describing  the  electromagnetic  response  of 
a  conducting  or  partially  conducting  body.  In  a 
normal  electromagnetic  scattering  problem,  such  as 
HEMP,  the  natural  frequencies  are  functions  solely 
of  the  geometry  and  the  material  of  the  scatterer 
from  those  of  the  exciting  field  which,  of  course, 
results  In  a  linear  problem.  Since  the  corona  and 
channel  sheft  (which  In  some  approximation  may  be 
treated  as  conductors  loading  the  aircraft)  the 
resonant  frequencies,  (as  will  be  shown  later  in  the 
section),  In  a  way  that  depends  on  the  current  In 
the  channel,  that  separation  Is  no  longer  valid  and 
the  problem  becomes  nonlinear.  Because  the  natural 
frequencies  (the  geometry  of  the  conducting  body  In 
question)  now  lightning,  the  analysis  techniques 
used  for  the  direct  strike  problem  must  be  used  with 
care. 

The  difficulty  caused  by  the  large  range  of  length 
scales  deserves  further  comment.  The  Interaction  of 
electrical  conductivity  produced  by  the  charged  par¬ 
ticle  densities  and  the  local  electric  field,  that 
produces  the  collislonal  ionization  dominating  the 
production  of  the  electrical  conductivity,  occurs  on 
length  scales  of  the  order  of  0.0001  m.  The  macro¬ 
scopic  Interaction  problem  determllng  those  local 
electric  fields  Is  of  the  order  of  tens  of  meters 
and  includes  the  aircraft  and  the  lightning  channel, 
as  well  as  the  charge  stored  In  the  surrounding 
clouds.  This  combination  gives  a  range  of  length 
scale  of  at  least  105  per  dimension.  Electromag¬ 
netics  codes  designed  to  solve  less  difficult  linear 
electromagnetics  problems  can  handle  length  scale 
variation  rat  os  on  the  order  of  100  per  dimension. 
However,  even  with  subgrldding  techniques,  the  prob¬ 
lem  requires  more  zones  for  Its  solution  than  are 
now  available  In  the  state-of-the-art  finite  differ¬ 
ence  codes.  Additionally,  the  problem  would  also 
require  simple  analytical  or  semi -empirical  rethods 
to  circumvent  the  remaining  numerical  problem,. 

In  a  comparison  of  HEMP  and  lightning,  high  fre¬ 
quency  signals  affecting  system  electronics  should 
also  be  considered.  It  must  be  noted,  however,  that 
the  total  energy  content  delivered  to  an  aircraft  by 
a  lightning  direct  strike  is  much  larger  than  that 
delivered  by  HEMP.  Lightning's  energy  is  mostly  In 
the  sub-MHz  frequency  band  and  consequently  does  not 
couple  to  system  electronics  as  efficiently  as 
higher  frequency  signals.  Although  low  frequency 
energy  can  significantly  damage  an  aircraft,  that 
damage  is  likely  to  be  structural  or  direct,  rather 
than  Indirect  effects  on  electronics.  However, 
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indirect  effects,  usually  associated  with  super-MHz 
frequencies,  can  cause  far  more  subtle  difficulties 
such  as  upset  and  damage  to  Individual  electronic 
components.  Direct  damage  from  lightning,  of 
course,  may  be  quite  severe;  there  are,  in  fact, 
documented  cases  of  fuel  tank  explosion  and  complete 
loss  of  flight  control  systems.  Since  the  Inter¬ 
action  of  HEMP  seldom  directly  affects  the  aircraft, 
the  subject  of  direct  effects  does  not  need  to  be 
explored  further  for  a  complete  comparison  of  HEMP 
and  lightning. 

Free  Field  Interaction. 

HEMP  and  nearby  lightning  both  interact  with  air¬ 
craft  as  a  superposition  of  plane  waves.  When  the 
electromagnetic  wave  inter  acts  with  the  aircraft, 
it  Induces  currents  and  charges  on  the  aircraft  as 
if  the  aircraft  were  an  antenna.  While  non-linear 
behavior  near  sharp  points  and  edges  may  occur  in 
free  field  interaction,  the  effects  are  not  as  domi¬ 
nant  as  they  are  In  the  direct  strike  case  since  the 
coupling  Is  not  as  efficient  and  there  Is  not  the 
direct  charge  transfer  that  exists  In  the  direct 
strike  case. 

The  Incident  fields  penetrate  in  the  air  craft 
through  apertures  and  along  system  cables  entering 
the  electrical  enclosures  of  the  fuselage. 

Internal  system  cables  may  be  excited  by  several 
apertures.  For  HEMP  excitation,  the  cable  drive 
from  these  various  apertures  will  In  general  be 
In-phase,  such  that  the  various  drives  from  the 
apertures  reinforce.  This  “In  phase"  drive  Is  in 
contrast  to  the  aperture  drive  from  direct  strike 
lighting  where  the  phase  of  the  aperture  excitation 
depends  of  the  velocity  of  propagation  of  the  direct 
strike  along  the  aircraft.  In  this  complicated  sit¬ 
uation  either  environment  may  dominate. 

Basis  For  The  Comparison. 

Comparison  of  the  effects  of  HEMP  and  lightning  on 
aircraft  requires  that  a  point  In  the  Interaction 
process  be  chosen  such  that  like  quantities  may  be 
compared.  That  Is,  Incident  fields  compared  with 
Incident  fields  and  surface  currents  compared  with 
surface  currents.  In  addition,  the  comparison 
should  take  place  as  close  to  the  outside  of  the 
aircraft  as  possible  to  make  the  comparison  as 
simple  as  possible.  When  comparing  electromagnetic 
threats  to  aircraft  Is  Is  necessary  to  compare  those 
fields  which  are  Important  In  determining  the  pene¬ 
tration  of  the  fields  Into  the  aircraft.  Those 
fields  are  the  normal  electric  field  or  equivalently 
the  surface  charge  density  and  the  tangential  mag¬ 
netic  field  or  equivalently  the  surface  current  den¬ 
sity.  Certainly,  It  Is  desirable  to  choose  only  the 
dominant  threat  for  the  comparison  If  one  exists. 
The  relative  effectiveness  of  the  two  types  of 
threats  at  penetrating  the  aircraft  Is  Indicated  by 
the  wave  Impedance  Z  ■  E/H  at  the  surface  of  the 
aircraft  and  the  surface  charge  and  current  are  of 
equal  Importance  when  Z»377  Ohms,  the  Impedance  of 
free  space.  For  an  Incident  plane  wave,  like  HEMP 
or  nearby  lightning,  the  wave  Impedance  Is  always 
377  Ohms.  For  direct  strike  lightning  the  Impedance 
may  vary  and  must  be  estimated  for  the  particular 
problem. 

In  the  upper  limits  of  the  parameters  describing 
direct  strike  lightning  the  Impedance  may  be  calcu¬ 


lated  directly  by  dividing  the  largest  expected 
value  of  E  by  the  largest  expected  value  of  H.  The 
upper  limit  of  E  is  the  breakdown  value  for  air,  E  = 
3  x  106  V/m.  For  the  largest  expected  value  of  H  we 
are  forced  to  use  the  reasonable  worst  case  current, 
100  kA  described  above  and  assume  it  is  propagating 
along  aim  radius  cylinder.  The  resulting  imped¬ 
ance  Is  about  200  Ohms,  indicating  a  dominance  of 
the  surface  current  density.  A  review  of  the  nat¬ 
ural  lightning  data  gathered  on  the  surface  of  an 
aircraft  indicates  that  the  Impedance  Is  as  much  as 
2000  Ohms,  indicating  a  dominance  of  the  surface 
charge. 

Since  both  surface  charge  and  current  are  important 
to  the  process  of  coupling  energy  into  the  aircraft 
both  must  be  considered  when  comparing  electromag¬ 
netic  fields  or  when  simulating  the  effects  of 
lightning  on  systems. 

There  are  a  number  of  simple  interaction  models  that 
may  be  used  for  the  comparison  for  simple  geometric 
shapes  that  may  be  used  to  represent  some  of  the 
Important  features  of  aircraft.  The  ones  used  here 
are  shown  in  Table  1  and  described  in  more  detail  In 
[Ref.  21. 


TABLE  1.  INTERACTION  MODELS 


Model 

Frequency  Domain 

Effect 

Variable 

Low 

Medium 

High 

HEMP/ 

Nearby 

Current 

Slab 

Sassman 

Slab, 

GTD 

Direct 

Strike 

Current 

Charge 

Continuity 

Ellipsoid 

T-Llne 

T-Line 

In  this  table,  low  frequency  means  subresonant  or 
below  about  1  MHz.  Medium  frequency  means  In  the 
resonant  or  1-10  MHz  region.  Finally,  high  frequen¬ 
cies  are  those  for  which  aircraft  structural  details 
become  Important,  or  above  10  MHz. 

IV.  COMPARISON 

In  this  section  the  actual  comparisons  will  be  pre¬ 
sented  along  with  the  effect  of  the  corona  on  the 
natural  frequencies  of  the  aircraft  by  the  surround¬ 
ing  corona  and  attached  streamer. 

Natural  Frequencies  and  Evidence  for  Corona. 

In  Investigations  of  the  F-106B  data  [Ref.  10]  Trost 
and  Turner  have  extracted  the  natural  frequencies  of 
the  currents  on  the  F-106  and  models  of  It  In  confi¬ 
gurations  representative  of  both  nearby  and  direct 
strikes.  Attachment  of  wires  and  the  direct  strike 
data  show  natural  frequencies  with  much  higher  loss 
components  than  those  of  the  bare  aircraft  described 
In  more  detail  in  [Ref.  2.]. 

The  Importance  of  this  shift  In  natural  frequencies 
may  be  seen  by  examining  the  curves  In  Fig.  4.  This 
figure  shows  a  hypothetical  transfer  function.  Two 
possible  exterior  environments  are  superimposed  on 
the  transfer  function.  The  threat  to  the  system  Is 
found  by  multiplying  the  transfer  function  by  the 
threat  environment.  For  example,  suppose  environ¬ 
ment  A  Is  HEMP  and  environment  B  is  lightning. 


! 


RELATIVE  UNITS 


R.L.  Gardner  et  al. 


Because  environment  7  as  peaks  at  the  same  frequen¬ 
cies  as  the  transfer  ...notion,  and  environment  B  has 
peak  at  the  minima  of  the  transfer  function,  envi¬ 
ronment  A  results  In  far  higher  currents  at  the 
interior  system. 

For  the  choice  of  environments  given  above,  HEMP 
would  be  the  dominant  threat.  The  opposite  conclus¬ 
ion,  however,  would  be  drawn  if  environment  A  were 
lightning  and  environment  B,  HEMP.  Since  the  a  pri¬ 
ori  knowledge  of  the  Identity  of  the  environment  is 
not  available  the  result  is  a  region  of  uncertainty 
in  the  1-10  MHz  region  when  the  two  threats  are  com¬ 
pared. 


-  TRANSFER  FUNCTION  FROM 

EXTERIOR  TO  INTERIOR  CIRCUIT 

.  EXTERIOR  ENVIRONMENT  A 

- EXTERIOR  ENVIRONMENT  B 

l  - - 1 - 1 


1  MHz  10  MHz 

FREQUENCY 

TRANSFER  FUNCTION  PRODUCTS 


Fig.  4.  Transfer  function  products. 
Comparison  of  Simple  Models. 

The  first  comparison  of  HEMP  and  lightning  to  be 
presented  uses  the  slab  model  for  HEMP  and  the  con¬ 
tinuity  of  current  model  for  lightning.  In  Fig.  5, 
the  two  models  are  used  to  compare  the  surface  mag¬ 
netic  field,  on  a  1  m  radius  cylinder,  generated  by 
HEMP  and  by  direct  st.-lke  lightning.  HEMP  1$  calcu¬ 
lated  from  the  Incident  waveform  In  Equation  (2) 
with  a  peak  field  of  60  kV/m,  as  the  saturation 
field.  The  surface  magnetic  field  Is  then  doubled  to 
account  for  reflection.  Both  reasonable  worst  case 
and  moderate  threat  lightning  waveforms  are  used  In 


the  comparison.  In  Fig.  5,  it  is  clear  that  light¬ 
ning  dominates  at  low  frequencies  and  HEMP  dominates 
at  high  frequencies.  At  Intermediate  frequencies 
there  is  a  region  of  uncertainty. 


FREQUENCY  (Hz) 


Fig.  5.  Spectrum  of  H  for  two  waveforms  for 
direct  strike  lightning  and  for 
HEMP.  The  uncertainty  envelopes 
show  the  effect  of  the  resonant 
region. 

For  more  complex  models,  such  as  transmission  line 
models  (see  Ref.  2  for  details)  the  conclusions  are 
the  same  for  both  magnetic  field  and  normal  electric 
fields  as  shown  In  Figs.  6  and  7. 


Fig.  6.  Comparison  of  magnetic  field  Intensity  H 
for  HEMP  and  lightning  using  the  more 
sophisticated  models. 
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V.  OPERATIONAL  ENVIRONMENTS 

A  comparison  of  HEMP  and  lightning  Is  not  complete 
without  considering  differences  In  the  operational 
environments  for  aircraft  exposed  to  these  two 
threats. 

Aircraft  must  be  protected  from  lighting  during  the 
peacetime  operational  environment,  that  Is,  for 
training  flights  and  normal  cargo  and  passenger 
runs.  During  peacetime  the  schedules  for  these  mis¬ 
sions  are  not  usually  critical;  therefore  delays  due 
to  thunderstorm  avoidance  are  regularly  permitted 
and  In  most  cases  required.  Such  avoidance  proce¬ 
dures  help  keep  the  Incidence  of  reported  lightning 
strikes  down  to  one  In  approximately  one  million 
flight  hours.  Commercial  aircraft  have  about  an 
order  of  magnitude  higher  Incidence  of  lightning 
strikes  because  of  a  stricter  adherence  to  schedule; 
consequently,  a  somewhat  higher  Incidence  of  light¬ 
ning  strikes  to  military  aircraft  might  be  expected 
during  wartime. 

If  a  strike  occurs,  there  Is  a  relatively  high  prob¬ 
ability  of  an  effect  on  mission  accomplishment.  The 
summary  of  the  Air  Force  data  base  on  lightning 
strikes  given  by  Corbin  [Ref.  11],  shows  that  37 
percent  of  the  reported  lightning  strikes  resulted 
In  at  least  a  precautionary  landing  that  became  a 
mission  abort.  In  less  than  1  percent  of  the  re¬ 
ported  mishaps,  there  was  a  forced  landing;  addi¬ 
tionally,  In  less  than  1  percent  of  the  mishaps,  the 
aircraft  was  lost.  As  these  data  Indicate,  for  each 
reported  lightning  strike  mishap  there  was:  a  37 
percent  chance  of  a  precautionary  landing;  less  than 

I  percent  (0.8  percent  chance  from  Ref.  12)  chance 
of  a  forced  landing;  and  less  than  1  percent  chance 
(0.8  percent  from  Ref.  12)  of  an  aircraft  loss.  In 
addition,  there  Is  about  an  8  percent  probability  of 
damage  to  system  electronics.  Experience  for  elec¬ 
trical  outages  for  civilian  aircraft  Is  similar  with 

II  percent  of  783  strike  reports  requiring  ground 
crew  maintenance  of  particular  electronic  components 
[Ref.  12 j.  Coupled  with  the  small  probability  of  a 
mishap,  approximately  10-6  per  flight  hour,  these 
various  degrees  of  mishap  are  rarely  observed  In 
peacetime. 

A  HEMP  environment  Is  experienced  by  an  aircraft 
during  wartime.  In  all  probability  an  aircraft  will 
experience  HEMP  environment  at  least  once  during 
each  mission.  In  fact,  some  scenarios  Indicate  that 
there  may  be  multiple  high  altitude  bursts.  Signi¬ 
ficantly,  unlike  the  relatively  complete  data  base 
for  lightning,  no  statistics  on  the  probability  of  a 
certain  type  of  failure  per  HEMP  exposure  are  pre¬ 
sently  available.  However,  the  data  base  for  light¬ 
ing  does  provide  some  guidance  for  estimating  the 
probability  of  failure  per  HEMP  event. 

While  the  37  percent  precautionary  landing  rate  for 
military  aircraft  does  not  directly  Indicate  that 
there  would  be  a  37  percent  abort  rate  In  wartime  It 
does  Indicate  a  non-trlvlal  abort  rate.  Assume,  for 
the  moment,  that  the  abort  rate  Is  equal  to  the 
electronics  damage  rate  for  civilian  aircraft,  8 
percent.  If  that  same  abort  rate  per  exposure  held 
for  HEMP  then  8  percent  of  our  aircraft  fleet  would 
be  out  of  action  for  each  HEMP  exposure.  Of  course, 
the  HEMP  abort  rate  Is  not  known,  but  a  rate  as  high 
as  eight  percent  would  be  very  damaging. 


Fig.  7.  Comparison  of  the  surface  charge 
density  for  HEMP  and  lightning. 

VI.  CONCLUSIONS 

For  several  methods  of  comparison  of  HEMP  and  light¬ 
ning  the  conclusion  Is  the  same.  Lightning  dominates 
at  frequencies  below  about  1  MHz.  HEMP  dominates 
above  10  MHz.  Finally,  In  the  region  between  1  and 
10  MHz  the  Inter  action  between  the  two  threats  and 
aircraft  Is  so  complex  that  either  threat  may  domi¬ 
nate. 

In  addition,  the  two  threats  of  direct  strike  light¬ 
ning  and  HEMP  interact  with  air  craft  In  fundamen¬ 
tally  different  ways  requiring  different  hardening 
techniques. 

Finally,  the  operational  impact  of  particular  vul¬ 
nerability  levels  for  lightning  and  HEMP  have  very 
different  effects  on  aircraft  operations.  In  parti¬ 
cular,  only  very  low  levels  of  failure  probability 
may  be  tolerated  for  HEMP  since  the  entire  fleet  may 
be  exposed  to  the  threat  simultaneously. 
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MILITARY  STANDARD  FOR  LIGHTNING  PROTECTION  OF  AEROSPACE  VEHICLES 


J.C.  Corbin 

Air  Force  Aeronautical  Systems  Division,  Directorate  of  Avionics  Engineering, 
Wright-Patterson  AFB,  Ohio  *5433,  U.S.A. 


Abstract  -  The  U.S.  Air  Force,  in  conjunction  with  SAE  Committee  AE4L  which  is  comprised  of  lightning 
experts  from  Government,  industry,  and  test  laboratories,  is  presently  developing  a  new  military 
standard  which  establishes  requirements  and  verification  criteria  for  lightning  protection  of  aero¬ 
space  vehicles  (fixed /variable  wing  aircraft,  helicopters,  missiles,  and  spacecraft).  The  standard, 
when  approved,  will  be  applicable  to  aerospace  vehicles  including  all  associated  subsystems,  equip¬ 
ments,  components  and  stores.  The  standard  is  to  be  used  in  conjunction  with  Department  of  Defense 
(DoD)-apprcrved  MIL-STD-1757A  which  establishes  required  lightning  qualification  test  techniques  for 
aerospace  vehicles  and  associated  hardware.  These  standards  will  supersede  lightning  protection 
requirements  and  tests  specified  in  MIL-B-5087B  which  will  continue  to  be  used  to  specify  electrical 
bonding  requirements. 


I  -  INTRODUCTION 

For  over  tweu*  vears,  specification  MIL-B-5087B, 
dated  15  Octouor  1964  and  amended  6  February  1968, 
has  been  the  principal  document  used  in  the  Depart¬ 
ment  of  Defense  (DoD)  to  specify  the  requirements  for 
lightning  protection  of  aerospace  vehicles  and  sys¬ 
tems.  The  document  presumes  that  all  lightning  pro¬ 
tection  (except  for  antenna  systems)  can  be  achieved 
if  certain  electrical  bonding  requirements  are  met. 
These  requirements  are  specified  under  paragraph 
3.3.4,  Class  L  Bonding  (Lightning  Protection).  The 
bonding  requirements  are  designed  to  achieve  protec¬ 
tion  against  lightning  discharge  current  carried  be¬ 
tween  vehicle  extremities  without  risk  of  damaging 
flight  controls  or  producing  sparking  or  voltages 
within  the  vehicle  in  excess  of  500  volts.  The 
bonding  requirements  are  based  upon  a  lightning  cur¬ 
rent  waveform  of  200,000  amperes  peak  with  a  width  of 
5  to  10  microseconds  at  the  90-percent  point,  not 
less  than  20  microseconds  at  the  50-percent  point, 
and  a  rate-of-rise  of  at  least  100,000  amperes  per 
microsecond.  The  requirements  may  be  reduced  when 
flight  safety  is  not  a  factor.  Under  this  paragraph, 
laboratory  tests  of  lightning  protection  provisions 
for  external  sections,  such  as  radomes  and  canopies, 
are  required  using  the  test  waveform  specified  above. 
The  paragraph  also  states  that  lightning  protection 
shall  be  provided  at  all  possible  points  of  lightning 
entry  into  the  aircraft  and  shall  be  proven  by  test 
(presumably  the  test  mentioned  above). 

Although  many  people  recognized  the  shortcomings  of 
MIL-B-5087B  in  terms  of  lightning  protection  require¬ 
ments  and  verifications,  it  was  1972  before  an  organ¬ 
ized  effort  was  undertaken  to  better  define  and 
establish  generally  accepted  lightning  simulation 
test  measures.  In  1972,  a  comoittee  comprised  of 
individuals  from  lightning  simulation  laboratories, 
Government  agencies,  and  aircraft  manufacturers  with 
experience  in  lightning  phenomenology,  simulation, 
and  testing  was  organized  under  the  auspices  of  the 
Society  of  Automotive  Engineers  (SAE)  Comaittee  AE4 
on  Electromagnetic  Compatibility  to  define,  establish, 
and  document  test  measures  that  would  be  widely  ac¬ 
cepted  and  put  into  practice.  Beginning  with  a  sur¬ 
vey  of  extensive  lightning-related  literature,  the 


committee  proceeded  to  define  the  possible  lightning 
strike  zones  to  aircraft,  the  lightning  environment 
to  be  experienced  in  each  zone,  and  the  techniques 
for  simulating  this  environment  in  the  laboratory. 

In  1976,  the  committee  published  its  recommendations 
in  a  report  entitled,  "Lightning  Test  Waveforms  and 
Techniques  for  Aerospace  Vehicles  and  Hardware"  [1], 
The  report,  referred  to  as  the  "red  book,"  was  quick¬ 
ly  adopted  by  lightning  test  laboratories  and  put 
into  practice. 

In  1978,  the  committee  (now  designated  SAE  Committer 
AE4L)  revised  its  "red  book"  and  published  a  "blue 
book"  with  the  same  title  [2].  It  Incorporated  sug¬ 
gestions  from  British  lightning  test  laboratories 
that  modified  some  of  the  test  procedures  and  wording 
in  the  document.  The  principal  change  in  the  report 
was  the  establishment  of  two  categories  of  tests: 

(1)  Qualification  Testing  and  (2)  Engineering  Testing 
and  Inclusion  of  all  the  protection  verification 
tests  within  the  qualification  test  category.  Qual¬ 
ification  tests  included  (a)  full-size  hardware  at¬ 
tachment  point  test  (zone  1),  (b)  direct  effects 
(structural),  (c)  direct  effects  (combustible  vapor 
ignition  via  skin  or  component  puncture,  hot  spots, 
or  arcing),  (d)  direct  effects  (streamers),  (e)  dir¬ 
ect  effects  (external  electrical  hardware)  and  (f) 
indirect  effects  (external  electrical  hardware). 
Engineering  tests  included  (a)  model  aircraft  light¬ 
ning  attacliment  point  test,  (b)  full-size  hardware 
attachment  point  test  (zone  2),  and  (c)  indirect  ef¬ 
fects  (complete  vehicle).  Engineering  tests  were 
designed  to  provide  data  useful  in  achieving  a  quali¬ 
fication  design,  but  were  not  considered  necessary 
for  protection  verification. 

MIL-STD-1757 

In  June  1978,  the  qualification  test  criteria  in  the 
"blue  book"  were  incorporated  in  a  draft  of  a  pro¬ 
posed  new  military  standard  entitled,  "Lightning 
Qualification  Test  Techniques  for  Aerospace  Vehicles 
and  Hardware"  [31  at  the  request  of  the  Department  of 
Defense.  It  was  not  until  17  June  1980  that  the  doc¬ 
ument  was  finally  approved  and  issued  for  use  by  all 
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departments  and  agencies  of  the  DoD  as  MIL-STD-1757. 

MIL-STD-1757  defines  the  lightning  strike  zones, 
lightning  voltages  and  currents  applicable  to  each 
zone,  and  the  methods  to  be  used  to  test  components 
located  in  each  zone.  However,  it  does  not  speedy 
(1)  the  location  of  the  lightning  strike  zones  on  a 
particular  vehicle,  (2)  the  systems  or  components 
that  oust  be  tested,  (3)  protection  techniques,  and 
(4)  pass-fail  criteria.  These  items  depend  upon  the 
mission  and  characteristics  of  the  particular  aero¬ 
space  vehicle  (fixed /variable  wing  aircraft,  helicop¬ 
ter,  missile,  or  spacecraft).  The  Government  pro¬ 
curing  agency,  vehicle  manufacturer/integrator,  and/ 
or  equipment  supplier  must  establish  and  agree  upon 
the  above  items  for  each  particular  procurement. 

In  order  to  provide  guidance  in  the  application  of 
MIL-STD-1757  and  the  rationale  for  establishing  the 
various  test  techniques,  a  handbook  was  added  to  the 
standard  as  Appendix  A,  minor  additions  and  correc¬ 
tions  were  made,  and  a  revised  document  with  the 
same  title  was  approved  and  issued  on  20  July  1983 
by  the  DoD  as  MIL-STD-1757  A. 

MIL-STD-XXXX 

In  1983,  the  U.S.  Air  Force  proposed  to  the  SAE  Com¬ 
mittee  AE4L  that  it  undertake,  as  its  next  major 
task,  the  preparation  of  a  new  military  lightning 
protection  standard  for  aerospace  vehicles  that 
would  provide  a  much  more  comprehensive  document  in 
terms  of  lightning  protection  requirements  and  veri¬ 
fication  criteria  than  that  contained  in  MIL-B-5087B 
[4].  The  coimnittee  accepted  the  challenge.  In  1984, 
a  draft  standard  prepared  by  the  committee  was  re¬ 
viewed  by  the  Air  Force  and,  with  minor  corrections 
and  additions,  approved  by  an  Ad  Hoc  Technical  Re¬ 
view  Committee  established  by  the  Aeronautical  Sys¬ 
tems  Division. 

Principle  features  of  the  new  standard  are  reviewed 
In  the  following  paragraphs: 

Scope  and  Application 

The  standard  establishes  requirements  and  verifica¬ 
tion  criteria  for  lightning  protection  of  aerospace 
vehicles  which  includes  fixed /variable  wing  aircraft, 
helicopters,  missiles,  and  spacecraft  and  all  assoc¬ 
iated  subsystems,  equipments,  components,  and  stores. 
It  is  to  be  used  in  conjunction  with  MIL-STD-1757A 
which  established  lightning  qualification  test  tech- 
nleques  for  aerospace  vehicles  .md  hardware  as  pre¬ 
viously  described.  Lightning  protection  requirements 
and  tests  specified  in  MIL-B-5087B  are  superseded  by 
this  standard  and  MIL-STD-1757A. 

Requirements 

Lightning  protection  program.  The  standard  es¬ 
tablishes  a  lightning  protection  program.  Under  the 
program,  the  standard  requires  contractors  to  pre¬ 
pare  a  comprehensive  lightning  protection  plan  (LPP). 
If  program  documentation  calls  for  an  Electror  gnet ic 
Compatibility  (EMC)  Control  Plan  under  MIL-E-bOj  D, 
"Systems  Electromagnetic  Compatibility  Requiremen  s," 
the  LPP  becomes  part  of  the  EMC  Control  Plan,  Thr 
LPP  will  include,  but  not  be  limited  to,  the  follow¬ 
ing  items: 

a)  Management  control 

b)  Lightning  zone  identification 


c)  Lightning  component  identification 

d)  Criticality  of  structures  and  subsystems  to 
flight  safety  and  mission  success 

e)  Hazards  assessment 

f)  Direct  effects  protection  approach 

g)  Indirect  effects  protection  approach 

h)  Electrical  bonding  and  corrosion  control 
il  Other  effects 

j)  Design  analysis/developmental  testing 

k)  Verification  criteria 

l)  Life  cycle  aspects 

m)  Configuration/documentation  control 

n)  Initial  lightning  protection  survey  (LPS) 


Lightning  protection  survey  (LPS).  A  lightning 
protection  survey  (LPS)  of  the  aerospace  vehicle,  its 
subsystems  and  components  will  be  made  to  determine 
lightning  damage  susceptibility.  The  survey  will  be 
initiated  early  in  the  program  to  identify  the  poten¬ 
tial  lightning  effects  to  the  vehicle  and  to  cate¬ 
gorize  them  based  upon  the  criticality  of  the  light¬ 
ning  hazard  and  the  zone  or  zones  within  which  the 
subsystem  is  located.  The  potential  effects  of 
lightning  (direct  effects  such  as  pitting,  melting, 
puncture,  internal  arcs  and  welding,  and  indirect 
effects  such  as  transient  pulses  coupling  into  wires 
and  cables)  will  be  a  part  of  the  survey.  The  sur¬ 
vey  will  specify  portions  of  the  vehicle,  its  sub¬ 
systems  and  components  requiring  protection  consider¬ 
ation.  The  survey  will  be  initially  included  in  the 
LPP.  It  will  be  updated  as  necessary  and  the  updated 
versions  will  be  presented  during  appropriate  design 
reviews.  The  final  results  of  the  survey  will  be 
documented  in  the  Lightning  Protection  Verification 
Plan  (LPVP) • 

Lightning  protection  categories  for  the  vehicle  and 
its  subsystems  will  be  based  upon  the  impact  of  light¬ 
ning  on  the  overall  performance  of  the  vehicle. 

Three  categories  are  identified: 

a)  Category  I  -  flight  safety.  Lightning  effects 
that  would  result  in  loss  of  life  or  loss  of  vehicle. 

b)  Category  II  -  system  safety  and  mission  essen¬ 
tial  .  Lightning  effects  that  would  result  in  person¬ 
nel  injury  and/or  would  endanger  mission  success. 

c)  Category  III  -  minor  effects.  Lightning  ef¬ 
fects  that  would  not  significantly  reduce  system  ef¬ 
fectiveness. 

The  contractor  will  identify  all  systems,  subsystems, 
and/or  components  which  are  designated  lightning 
Category  I  or  II.  Systems  or  subsystems  to  be  con¬ 
sidered  for  Categories  I  and  II  will  include,  but  not 
be  limited  to,  structural/mechanical,  fuel/hydraulic, 
electrical/electronic,  personnel,  ordnance,  and  ex¬ 
ternal  stores. 


Lightning  protection  design  requirements.  The 
aerospace  vehicle,  subsystem,  or  component  will  be 
protected  against  Category  I  effects  and,  unless 
otherwise  specified.  Category  II  effects  when  sub¬ 
jected  to  the  lightning  environment  described  in 
MIL-STD-1757A.  In  addition,  design  considerations 
will  include  redundant  subsystems,  electrical  bonding, 
corrosion  control,  life  cycle  aspects  (maintenance, 
repair,  cumulative  strike  effects),  compatibility 
with  other  requirements,  and  configuration  control. 
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Verification 


Lightning  protection  verification  program.  The 
contractor  will  be  responsible  for  verifying  the 
adequacy  of  the  vehicle,  subsystem,  or  component 
lightning  protection  design  measures  used  to  satisfy 
the  requirements  of  the  standard.  Verification  will 
be  accomplished  by  qualification  tests,  analyses 
based  on  development  test  data,  basic  principles,  or 
previously  verified  designs,  or  a  combination  of 
these  methods. 

The  contractor  will  prepare  a  lightning  protection 
verification  plan  (LPVP) .  The  LPVP  will  include  the 
final  results  of  the  LPS  and  the  test/analysis  data 
and  methods  to  be  employed  as  well  as  the  success 
criteria  for  each  subsystem/component.  Qualification 
testing  will  be  in  accordance  with  MIL-STD-1757A. 

The  plan  will  describe  the  methods  to  be  used  for 
verifying  lightning  protection  design  measures  for 
those  items  identified  in  the  LPS. 

Lightning  protection  verification  report.  The 
contractor  will  prepare  a  lightning  protection  veri¬ 
fication  report  (LPVR)  describing  the  analyses  and 
tests  used  to  verify  the  adequacy  of  Category  I  and 
Category  IX  lightning  protection  designs. 


Handbook 

Guidance,  rationale,  and  lessons  learned.  An 
appendix  (yet  to  be  prepared  and  approved)  will  pro¬ 
vide  guidance,  rationale,  and  lessons  learned  for 
the  benefit  of  Government  procuring  agencies  and 
prospective  contractors  in  the  application  of 
MIL-STD-XXXX. 
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ELECTROMAGNETIC  INTERACTION  OF  EXTERNAL  IMPULSE  FIELDS  WITH  AIRCRAFT 


H.D.  Bruns  and  H.  Singer 

Hockschule  der  Bundeswehr  Hamburg,  Holstenhofueg  8S,  2000  Hamburg  70,  F.R.G. 


Abstract  -  The  paper  deals  with  the  coupling  of  LEMP  and  NEMP  type  fields  into  aircraft. 
The  theory  is  based  on  the  method  of  moments,  with  a  special  technique  for  the  treatment 
of  wire  junctions.  The  aircraft  is  simulated  by  a  stick  model  or  a  wire  junction  model. 
The  calculations  are  performed  in  the  frequency  domain  with  a  spectrum  of  0.006... 60  MHz 
and  0.1... 100  MHz  respectively,  using  a  Fourier  transformation  for  the  transition  to  the 
time  domain.  By  means  of  these  calculations  resonance  frequencies  along  the  structure 
and  the  time-dependent  behaviour  of  the  currents  are  determined,  comparing  the  results 
for  LEMP  and  NEMP  type  fields.  It  is  also  investigated  how  the  results  are  changed  by 
using  composite  materials  (CFRP)  instead  of  metals  for  the  aircraft. 


1 .  INTRODUCTION 

The  electromagnetic  phenomena  occur ing  by  ex¬ 
citation  of  complicated  electrical  systems 
such  as  aircraft  by  means  of  transient  im¬ 
pulse  fields  produce  a  variety  of  individual 
problems.  Considerable  effort  is  spent  in 
predicting  how  a  system  will  respond  on  the 
fields  of  LEMP  (Lightning  Electromagnetic 
Fulse)  and  NEMP  TNuclear  Electromagnetic 
Pulse) .  Both  types  of  pulses  show  the  charac¬ 
teristics  of  plane  waves  in  a  great  distance 
from  their  source. 

The  total  interaction  process  can  be  subdi¬ 
vided  into  three  parts  [1]s  First,  on  metal¬ 
lic  surfaces  transient  currents,  charges,  and 
fields  are  generated  (external  interaction) . 
Second,  it  has  to  be  expected  that  some  por¬ 
tions  of  the  field  energy  penetrate  into  the 
interior  of  the  external  structure  by  windows, 
antennas  or  signal  cables  (internal  interac¬ 
tion)  .  Then,  this  penetrated  energy  can  spread 
over  data  lines  or  hydrau'  ic  leads  et  cetera 
and  can  excite  elements  of  the  electric  sys¬ 
tems  and  damage  them  (internal  propagation). 

As  the  mutual  coupling  between  these  proces¬ 
ses  is  weak,  they  can  be  viewed  as  being  in¬ 
dependent,  in  a  good  approximation,  and  solv¬ 
ed  separately  [21.  This  paper  deals  with  the 
calculation  of  the  external  interaction  prob¬ 
lem  and  compares  the  respective  effects  of 
LEMP  and  NEMP. 

2.  METHOD  OF  CALCULATION 


In  order  to  calculate  the  interaction  of  air¬ 
craft  with  transient  impulse  fields  or  cur¬ 
rents,  several  methods  can  be  applied  [3—73 ; 

-  Integral  equation  method  (EFIE  and  MFIE) 

-  Finite  difference  solution 

-  Singularity  expansion  method 

-  Impulse  propagation  calculation  (trans¬ 
mission  line  theory,  lumped-parameter 
network  model) . 


In  this  paper  we  use  an  integral  equation  ap¬ 
proach  (EFIE),  the  method  of  moments,  which 
is  able  to  regard  transient  effects  on  linear 
systems. 


Starting  point  is  the  boundary  condition 


0, 


(1) 
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where  Etan  denotes  the  impressed  electric 
*>• 

field,  E®an  the  tangential  component  of  the 

field,  caused  by  all  charges  and  currents  of 
the  considered  system.  All  conductors  are  as¬ 
sumed  to  be  wirelike  with  a  circular  cross- 
section,  which  is  very  small  compared  to  the 
wave  length  of  the  highest  frequency  applied 
by  the  exciting  system.  Each  conductor  of  the 
system  is  subdivided  into  a  certain  number  of 
segments,  shown  in  Fig.  1. 


Fig,  1:  Geometric  relations  of  field  point 
segment  Alm  and  source  segment  Aln  in  car¬ 
tesian  coordinates 
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The  expression  for  the  voltage  over  the  field 
point  segment  Alm  due  to  the  current  in  the 
source  segment  Aln  is 
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with  <Ji(r)  =  ^  ~ 
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k  =  Vu2u0e0  ' 

I(z’)  =  I  •  f(z') . 
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The  current  distribution  I { z  * )  is  approxi¬ 
mated  by  a  linear  combination  of  elementary 
expansion  functions  with  unknown  amplitudes. 
Each  expansion  function  exists  only  over  one 
segment  of  the  structure.  E’er  the  distribu¬ 
tion  f(z')  triangular  functions  are  assumed, 
because  they  give  more  accurate  results  with 
fewer  segments  per  wave  length  than  pulse 
functions;  in  the  case  of  triangular  func¬ 
tions  8  segments  per  wave  length  are  suffi¬ 
cient  in  general,  which  is  a  good  standard 
value  for  high  frequencies.  For  low  frequen¬ 
cies  it  has  been  experienced  that  at  least 
3  segments  at  a  conductor  are  necessary  in 
order  to  get  a  realistic,  convergent  current 
distribution.  The  developed  computer  program 
is  based  on  these  principles  and  uses  an  au¬ 
tomatic,  variable  segmentation,  in  general 
with  less  segments  for  low  frequencies  and 
more  segments  for  high  frequencies. 


From  eqn.  (2)  we  get  for  the  voltage  U  in  a 
shorter  forms 


mn 


(3) 


with  the  coupling  impedance  Zmn  between  the 
two  elements  Aim  And  Aln.  Regarding  all  the 
N  source  elements  Aln,  the  resulting  voltage 
over  segment  Alm  becomes 
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Finally,  all  mutual  couplings  are  taken  into 
account  and  give  a  set  of  N  equations,  which 
can  be  written  in  matrix  form: 

[Z]  •  [I]  -  CU] .  (5) 


The  solution  of  this  equation  system  delivers 
the  current  amplitudes  In  and  in  consequence 
the  current  distribution,  which  is  the  basis 
for  further  calculations  such  as  electromag¬ 
netic  fields  in  fixed  points  or  voltages  at 
lumped  loads. 


The  elements  of  the  right  hand  side  of  the 
equation  system  (5)  can  be  caused  by  genera¬ 
tors  with  known  source  voltages  and  have 
nonzero  values  only  at  such  source  elements. 
In  the  case  of  an  incident  field,  however,  a 
voltage  over  each  segment  has  to  be  regarded, 
dependent  on  the  spatial  orientation  of  the 
conductors  and  on  the  direction  of  the  field. 
Only  if  the  field  is  directed  perpendicular 
to  a  segment,  then  the  line  integral  along 
the  conductor  and  therefore  the  correspond¬ 
ing  element  of  the  right  hand  side  is  zero. 

”♦  j 

With  the  vector  of  the  incident  electric 
field  at  segment  m, [ U ]  is 
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with  E1  =  £•  p  •  e~j*  •  ?m  . 

•  m  * 


(6) 


p  is  the  polarization  unit  vector  of  the 
incident  electric  field;  the  wave  vector  £ 
shows  the  direction  of  the  incident  wave 
(Poynting  vector).  The  vector  rm  i s  directed 
from  the  coordinate  origin  to  the  center  of 
segment  m. 


The  investigated  structure  of  aircraft  is 
simulated  by  arbitrarily  oriented  and  inter¬ 
connected  conductors.  It  is  possible  to  re¬ 
gard  the  resistance  of  the  conductors  and 
also  the  skin  effect.  In  order  to  treat  con¬ 
ductor  connections  a  special  wire- junction 
technique  has  been  developed  [7,8].  This 
method  is  based  on  the  continuity  equation, 
which  can  be  written  as 


K  K 

£  I  ■  -jwl  \  X  ( 1  * )  dl  *  (7) 

<  rc*1  Al^ 


with  K  as  the  number  of  conductors  which  are 
connected  at  the  nodal  point,  and  the  line 
charge  density  X  of  these  wire  conductors. 
For  w  *  0  tne  Kirchhoff  current  law  results 
from  this  equation.  The  triangular  functions, 
which  are  used  in  this  paper,  have  to  be  lo¬ 
cated  in  the  proximity  of  a  junction  as  de¬ 
picted  in  Fig.  2,  which  shows  a  joint  of 
three  wires  (K*3) . 


Fig.  2s  Junction  geometry  of  connected  wires 
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Every  current  portion,  which  contacts  the 
junction,  is  split  on  the  other  wires  in  the 
shown  manner.  An  advantage  of  treating  the 
junction  problem  in  this  way  is  that  no  as¬ 
sumptions  on  the  amplitudes  of  the  involved 
currents  or  other  additional  constraints  are 
needed.  Thus  the  method  is  ideal  for  pro¬ 
gramming  purposes. 


Up  to  the  present  all  the  considerations  were 
made  with  regard  to  the  frequency  domain.  In 
order  to  get  the  desired  transient  responses 
in  the  time  domain,  it  is  necessary  to  com¬ 
pute  all  currents,  voltages  and  fields  for  a 
sequence  of  increasing  discrete  frequency 
values  of  the  transfer  function  G(w)  up  to  a 
limiting  frequency  wc.  All  the  complex  system 
responses  are  multiplied  by  the  corresponding 
values  of  the  spectrum  of  the  exciting  volt¬ 
age  H(w).  Subsequently,  an  inverse  Fourier 
transform  is  performed  by  means  of  the  fol¬ 
lowing  equations 

1  “c 

f(t)  -  -  j  ( R  (  lj)  cosuit  -  X  (w)  •  sinwt)  dw;(8) 

71  O 

F(w)  =  H  ( u) )  •  G(w)  =  R ( u) )  +  j X ( u) )  .  (9) 

The  evaluation  of  the  integral  of  eqn.  (8) 
has  to  be  performed  numerically,  so  that  G(ui) 
at  fixed  support  frequencies  wn  must  be  cal¬ 
culated.  Investigations  of  the  transfer  func¬ 
tions  G(un)  have  shown  that  it  is  not  neces¬ 
sary  to  compute  the  complete  series  of  G(un). 
Indeed,  many  transfer  functions  have  extreme 
variations  with  pronounced  resonances,  but  in 
general  a  significant  change  of  the  function 
occurs  only  after  some  frequency  values  wn. 
Therefore,  an  interpolation  procedure  is  ad¬ 
visable  in  order  to  save  computer  time.  De¬ 
pendent  on  the  arrangement  it  has  proved  to 
be  sufficient  to  regard  only  G(wn)  of  every 
second  or  third  (or  more)  support  frequency 
without  any  evident  loss  of  accuracy.  The 
missing  values  G(u)n)  can  be  added  subsequent¬ 
ly  to  a  good  approximation.  A  cubic  spline 
function  was  used  for  this  purpose. 


LEMP  and  NEMP  are  commonly  described  by  the 
double  exponential  time  function 

E(t)  =  Eo<e”t/Tl  -e't/T2). 

For  the  NEMP  the  values  T-j  ■  500  ns,  T2  *  5  ns 
are  used  in  this  paper  in  order  to  simulate 
an  EXO-NEMP.  Concerning  the  LEMP,  previously 
interaction  with  aircraft  has  been  investi¬ 
gated  only  by  means  of  low  frequency  models 
without  any  dynamic  current  distributions  or 
airframe  resonances  (2);  during  the  last 
years  attention  has  been  drawn  upon  the  fast 
transient  field  components,  having  signifi¬ 
cant  spectral  content  in  the  aircraft  region, 
because  it  has  become  known  that  LEMP  fields 
have  fast  time  components  in  the  order  of 
100  ns  (9-13).  In  this  paper  LEMP  fields  are 
simulated  by  Ti  *  15000  ns  and  T2  *  100  ns 
or  T)  *  1000  ns  and  T2  ■  100  ns. 


All  the  following  results  refer  to  E0  =  50 
kV/m,  in  order  to  make  comparable  the  cur¬ 
rents  due  to  LEMP  and  NEMP  fields.  In  reali¬ 
ty  this  value  of  50  kV/m  will  occur  in  the 
case  of  lightning  field  only  at  small  dis¬ 
tances  from  the  lightning  channel  where  a 
circular  field  exists.  So  in  general  this 
value  has  to  be  reduced  according  to  the  in¬ 
verse  value  of  the  distance.  This  can  be  done 
because  all  the  here  described  computations 
are  based  on  the  principle  of  linearity. 

The  aircraft  exposed  to  these  fields  is 
simulated  either  by  a  simple  stick  model  or 
by  a  mesh  of  thin  wires  using  the  technique 
for  wire- junction  modelling  described  above. 
Both  models  can  be  used  to  calculate  rough¬ 
ly  aircraft  resonances  and  the  order  of  mag¬ 
nitude  of  currents  which  flow  on  the  real 
structure  during  a  lightning  event  for  ex¬ 
ample.  It  can  be  expected  that  the  simul¬ 
ation  of  the  actual  surface  by  a  greater 
number  of  rods  will  give  more  detailed  re¬ 
sults  . 


3.  STICK  MODEL 

Details  of  the  stick  model  used  for  the 
calculation  are  shown  in  Fig.  3.  The  length 
of  the  aircraft  is  10.5  m  and  the  wing-span 
8  m.  In  this  paper  the  incident  field  was 
propagating  parallel  to  the  x-z-plane  (Fig. 
3)  with  the  E-field  30°  inclined  with  re¬ 
ference  to  the  x-axis.  A  variable  segment¬ 
ation  with  a  maximum  number  of  43  segments 
was  applied;  taking  advantage  of  the  sym¬ 
metry  between  field  and  stick  model  only  35 
segments  were  needed.  The  radii  were  ri  * 

20  cm,  r2  =  1 5  cm,  rg  *  10  cm.  The  conduct¬ 
ivity  was  chosen  so  that  the  d.c.  value  of 
the  resistance  over  the  total  length  was 
10  mo  ,  in  another  case  100  fi  in  order  to 
approximate  roughly  reinforced  fiber  com¬ 
posites  like  CFRP. 
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Fig.  4a:  Real  part  (R)  and  imaginary  part 
(I)  of  the  current  distribution  over  the 
frequency  at  the  points  ©  to  ©  of 
Fig.  3  for  a  d.c.  resistance  of  10  mil  of 
the  aircraft  model 


The  lightning  field  with  Ti  *  15000  ns  and 
T2  *  100  ns  ( 1 0%-90%-rise  time  «  200  ns) 
was  simulated  in  the  frequency  domain  by 
frequencies  from  6  kHz  to  60  MHz  with  in¬ 
tervals  of  192  kHz,  that  means  5000  harmon¬ 
ics.  The  integration  was  started  at  6  kHz 
in  order  to  take  into  account  the  relative 
long  tail  of  15  us.  The  NEMP  field  was  de¬ 
scribed  by  the  parameters  Ti  «  500  ns  and 
T2  =  5  ns  ( 1 0%-90%-rise  time  *  9,7  ns)  and 
simulated  by  frequencies  from  100  kHz  to  100 
MHz  with  intervals  of  0.2  MHz  in  the  lower 
and  0.4  MHz  in  the  upper  frequency  domain. 


Fig.  4b:  Real  part  (R)  and  imaginary  part 
( I )  of  the  current  distribution  over  the 
frequency  at  the  point  ©  and  ©  of 
Fig.  3  for  a  d.c.  resistance  of  100  fi  of 
the  aircraft  model 


Fig.  4a  shows  the  real  part  (R)  and  the 
imaginary  part  (I)  of  the  current  distri¬ 
bution  in  the  frequency  domain  for  the 
points  ©  to  ©  marked  in  Fig.  3.  Ap¬ 
parently  conspicuous  resonances  occur  at 
frequencies  of  around  10,  15,  and  30... 35 
MHz,  associated  with  the  longitudinal  ex¬ 
tension  of  the  aircraft  and  its  parts. 
Whereas  Fig.  4a  refers  to  a  d.c.  resist¬ 
ance  of  10  mil  (metal  skin),  Fig.  4b  shows 
the  current  distribution  of  points  ©  and 
©  in  the  frequency  domain  for  a  d.c.  re¬ 
sistance  of  100  H  (rulated  to  fiber  compo¬ 
sites  like  CFRP) .  The  comparison  between 
Fig.  4a  and  Fig.  4b  illustrates  that  the 
resonances  occur  at  the  same  frequencies, 
but  the  amplitudes  of  Fig.  4b  are  evident¬ 
ly  lower. 


The  results  of  the  lightning  field  are 
sketched  in  Fjg.  5,  which  demonstrates  the 
time-dependent  current  distribution  at 
points  ©  tc  ©  of  the  stick  model.  Fig. 
5a  refers  to  10  mil  d.c.  resistance,  Fig. 

5b  to  100  H.  All  the  curves  show  oscilla¬ 
tions  in  cycles  of  70... 105  ns,  corre¬ 
sponding  to  length  extensions  of  21... 32  m. 
The  oscillation  times  at  the  wing,  point 
©  ,  are  exceptionally  uniform.  All  the 
currents  get  positive  values  at  the  first 
moment,  which  is  necessary  in  the  case  of 
the  given  field  direction;  in  order  to  ful¬ 
fil  the  boundary  condition  Etan  *  0  at  the 
conductor  surfaces,  the  current  polarity 
must  agree  with  the  direction  of  Ejan.  The 
maximum  current  peaks  («  291  A)  occur  at 
point  ®  .  In  Fig.  5b  strong  attenuation 


/ 


Fig.  5a:  Time-dependent  current  distribu¬ 
tion  due  to  a  fast  lightning  field  at 
points  (?)  to  ©of  Fig.  3  for  a  d.c.  re¬ 
sistance  of  10  mft  of  the  aircraft  model 


Fig.  5b;  Time-dependent  current  distribu¬ 
tion  due  to  a  fast  lightning  field  at 
points  ©  to  ©  of  Fig.  3  for  a  d.c.  re¬ 
sistance  of  100  n  of  the  aircraft  model 


over  the  time  appears,  in  comparison  with 
Fig.  5a.  On  the  other  hand  the  amplitudes 
of  the  first  oscillations  of  corresponding 
points  of  both  figures  do  not  differ  very 
much,  although  the  resistances  have  the 
ratio  1:10000,  that  means  that  obviously 
the  characteristic  impedance  of  the  air¬ 
craft  mainly  determines  this  first  ampli¬ 
tude  and  its  slope. 


Corresponding  results  of  the  NEMP  field  ef' 
fects  are  given  in  Fig.  6a/b,  which  shows 
the  time-dependent  current  distribution  at 
the  same  points  of  the  stick  model.  The 
curves  are  similar  to  those  of  Fig.  5a/b, 
the  corresponding  amplitudes  appear  at  the 
same  moments,  but  the  NEMP  field  yields 
higher  amplitude  values  (factor  3... 6). 

The  comparison  between  Fig.  6a  and  Fig.  6b 
shows  a  stronger  attenuation  in  the  case 
of  higher  resistance  again. 
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Fig.  6a:  Time-dependent  current  distribution 
due  to  a  NEMP  field  at  points  ©  to  @  of 
Fig.  3  for  a  d.c.  resistance  of  10  m!1  of  the 
aircraft  model 


Fig.  6b:  Time-dependent  current  distribution 
due  to  a  NEMP  field  at  points  (T)  ,  ©  of 
Fig.  3  for  a  d.c.  resistance  of  100  fl  of  the 
aircraft  model 


d> 


4.  WIRE- JUNCTION  MODEL 

Using  the  developed  wire- junction  technique 
[7,8J  a  wire-junction  model  of  the  same  air¬ 
craft  was  composed,  as  it  is  shown  in  Fig.  7. 
The  incident  field  has  the  same  direction  as 
in  the  case  of  the  stick  model.  A  variable 
segmentation  was  applied  again,  with  78  con¬ 
ductors  and  a  maximum  number  of  161  seg¬ 
ments,  utilizing  fully  the  symmetry  of  the 
field  arrangement.  The  conductivity  of  the 
wires  was  chosen  so  that  again  a  value  of 
10  mil  resulted  for  the  d.c.  resistance  of 
the  total  model  from  nose  to  tail. 


Fig .  7 ;  Wire- junction  model  of  the  calcu 
lated  circraft  (d.c.  resistance  10  mf!) 


The  lightning  field  component  was  regarded 
by  the  parameters  Ti  =  1000  ns  and  T2  =  100 
ns,  the  EMP  field  by  Ti  *  500  ns  and  T2  = 

5  ns.  In  both  cases  frequencies  from  0.1 
MHz  to  102  MHz  were  taken  into  account  with 
intervals  of  0.2  MHz  near  the  resonances, 
to  0.8  MHz  in  not  critical  parts  of  the  fre¬ 
quency  spectrum. 
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Fig.  8:  Real  part  (R)  and  imaginary  part  (I) 
of  the  current  distribution  over  the  fre¬ 
quency  at  the  points  ©  ,  ©  ,  ©  of 
Fig.  7 


In  Fig.  8  the  current  distribution  in  the 
frequency  domain  with  real  part  (R)  and  im¬ 
aginary  part  (I)  has  been  drawn,  for  the 
points  ©,©,©,  marked  in  Fig.  7. 


flow  on  account  of  the  magnetic  flux  dffc/dt  in 
any  loop;  the  stick  model  yields  almost  zero 
values  for  these  frequencies,  as  in  this 
model  an  inductive  effect  appears  only  by 
means  of  the  electric  field  E. 


The  time-dependent  currents  have  been  drawn 
in  Fig.  9  (LEMP)  and  Fig.  10  (NEMP) .  Similar 
to  the  case  of  the  stick  model  the  ampli¬ 
tudes  of  the  NEMP  produced  currents  are 
higher  (factor  3.. .8).  The  LEMP  induced  cur¬ 
rents  show  less  oscillations.  However,  the 
individual  oscillations  have  nearly  the  same 
rise  times  («  15  ns)  in  the  cases  of  LEMP 
and  NEMP,  corresponding  to  a  quarter  of  the 
double  propagation  time  along  the  aircraft; 
that  means  that  these  rise  times  are  strong¬ 
ly  determined  by  the  aircraft  dimensions. 


The  rough  structure  of  Fig.  8  is  similar  to 
that  for  the  corresponding  points  of  Fig. 

4a,  with  resonances  at  nearly  the  same  fre¬ 
quency  values:  *  12,  17,  34  MHz.  The  most 
important  resonances,  for  instance  near  the 
cockpit  (point  ©  ) ,  are  already  detected 
by  the  stick  model.  Additional  resonances 
are  produced  by  the  here  occuring  loops 
with  smaller  lengths  than  those  of  the 
stick  model;  so  the  fine  structure  of  the 
current  distribution  over  the  frequency  is 
more  evident  in  the  case  of  the  wire-junc¬ 
tion  model.  The  current  amplitudes  are  high¬ 
er  in  the  stick  model,  because  in  the  wire- 
junction  model  the  current  is  distributed 
over  several,  parallel  conductors.  At  low 
frequencies  (<  1  MHz)  the  wire- junction  mo¬ 
del  exhibits  comparatively  high  current  val¬ 
ues,  because  in  this  model  loop  currents  can 


Fig.  9:  Time-dependent  current  distribution 
due  to  a  fast  lightning  field  component 
(T)  *  1500  ns,  T2  ■  100  ns)  at  points  ©  , 
©  ,  ©  of  Fig.  7 
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Fig.  10:  Time-dependent  current  distribution 
due  to  a  NEMP  =  500  ns,  T2  =  5  ns)  at 
points  ©  ,  ©  ,  ©  of  Fig.  7 


5.  SUMMARY 

The  integral  equation  method  has  proved  to 
be  an  efficient  procedure  in  determining 
fields  and  current  distributions  at  aircraft. 
Especially  the  wire- junction  technique  has 
been  successful,  and  also  the  interpolation 
procedure  in  order  to  calculate  very  fast 
transient  phenomena  with  reasonable  computer 
times.  The  following  essential  results  can 
be  summarized: 

-  The  stick  model  describes  the  rough  struc¬ 
ture  of  the  curve  shapes  relatively  well; 
by  means  of  the  wire- junction  models  a 
better  resolution  of  the  fine  structure 
(ripples)  can  be  seen. 

-  Transition  to  higher  resistances  (for  in¬ 
stance  TOO  S.  at  CFRP)  leads  to  a  stronger 
attenuation  of  the  currents,  but  the  first 
amplitudes  are  scarcely  influenced.  Appar¬ 
ently  the  characteristic  impedance  of  the 
aircraft  determines  this  first  amplitude 
and  its  slope. 

-  LEMP  fields  yield  lower  current  ampli¬ 
tudes  and  often  fewer  oscillations  than 
faster  field  pulses,  even  if  in  both  cases 
the  same  value  E0  for  the  exciting  field 
pulse  is  assumed,  which  is  only  realistic 
for  the  near  field  of  the  lightning.  The 
rise  times  of  the  individual  oscillation 
components,  however,  are  similar  for  both 
field  types  (w  15  ns),  they  are  mainly  in¬ 
fluenced  by  the  aircraft  dimensions.  It 
could  be  seen  that  also  by  the  LEMP  very 
fast  processes  with  very  steep  slopes  are 
excited. 
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Abstract  -  A  method  is  presented  for  simulating  the  electromagnetic  excitation  of  a  conducting  body  of 
arbitrary  shape  by  a  direct  lightning  strike.  The  Electric  Field  Integral  Equation  (E.F.l.E.)  is  solved 
in  the  frequency  domain  by  the  method  of  moments . 

q'he  modeling  of  the  conducting  body  uses  planar  triangular  patches  and  is  done  automatically  by  a  mesh 
generation  procedure  from  a  given  set  of  data  points. 

For  direct  strike  simulation,  the  lightning  attachment  points  are  modelized  by  "wire-surface"  junction 
type  triangles. 

Some  time  domain  results  are  obtained  on  an  aircraft  using  an  inverse  Fourier  Transform  (FFT) . 


I  -  INTRODUCTION 

The  effects  of  lightning  arise  through  either  a  direct 
or  nearbv  strike.  In  the  first  case  the  total  current 
flow  is  known  and  goes  through  the  body.  In  the  second 
case,  an  electromagnetic  pulse  of  radiation  is  scattered 
by  the  body,  the  excitation  being  an  impressed  E  Field. 
Both  direct  and  indirect  discharges  can  be  analysed  by 
numerical  methods  developed  for  the  problem  of  the 
nuclear  EMP-scattering. 

A  computer  program  bas  been  developed  at  the  Laboratoi¬ 
re  Central  des  Telecommunications  for  the  NEMP  problem. 
This  code  computes  the  induced  currents,  surface  cur¬ 
rents  and  fields  on  composite  wire  and  surface  geome¬ 
tries  by  an  impressed  incident  E  Field.  The  arbitrari¬ 
ly  shaped  surfaces  are  assumed  to  be  perfectly  conduc¬ 
ting.  The  Electrical  Field  Integral  Equation  (E.F.l.E.) 
is  expressed  in  the  frequency  domain. 

This  program  can  also  compute  the  surface  current  dis¬ 
tribution  from  any  type  of  excitation  :  voltage,  injec¬ 
ted  current. 

The  effects  of  a  direct  lightning  strike  on  a  perfec¬ 
tly  conducting  body  can  then  be  analysed  by  such  a  code . 

II  -  LIGHTNING  CHANNEL  AND  CURRENT  WAVEFORM 

The  return  stroke  channel  is  usually  modelized  by  a 
succession  of  radiating  dipoles  carrying  a  travelling 
current  pulse.  When  one  wants  to  obtain  fields  close  to 
the  channel,  it  is  necessary  to  perform  an  integral 
summing  radiation  from  elements  along  the  whole  length. 
For  a  straight  channel,  a  travelling  current  pulse  ra¬ 
diates  as  if  the  fields  emanated  from  the  end  of  the 
filament.  When  one  considers  a  conducting  body  struck 
by  i  straight  return  stroke  channel,  the  segmentation  of 
the  channel  itself  into  elementary  radiating  dipoles  is 
superfluous  since  the  excitation  level  created  by  the 
injection  of  the  current  pulse  onto  the  body  is  far  more 
important  than  the  excitation  created  by  the  channel 
radiated  E  Field. 

It  is  then  sufficient  to  modelize  the  channel  by  two 
short  dipoles  connected  to  the  body  at  some  predefined 
entry  and  exit  points,  where  the  strike  is  most  likely 
to  occur. 

One  of  the  most  widely  used  empirical  approximation  of 
the  return  stroke  current  waveform  is  : 

XW),  ;  -e'fk)  (<> 


Typical  values  of  T*  f  U >  p  are  : 
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The  frequency  range  of  a  lightning  pulse  is  then  much 
narrower  than  the  NEMP  one. 

In  particular,  the  NEMP  frequency  range  extends  over 
the  body  resonances  when  one  considers  an  average  size 
air-craft  for  example  (2  MHz  to  10  MHz)  (fig.l) 


fig. I  -  Frequency  range  of  a  lightning  pulse 


With  such  a  low  frequency  range,  the  current  waveform 
injected  onto  body  surface  is  not  affected  and  it 
will  be  transmitted  from  the  entry  point  to  the  exit 
point  without  much  change  in  its  shape.  The  time  depen¬ 
dence  of  the  exit  current  is  then  assumed  to  be  given 
by  eq .  ( 1 )  . 


Ill  -  PROBLEM  FORMULATION 


The  E.F.  I  .E. for  a  perfectly  conducting  body  of  surface  S 
can  be  written  as 


» 7**'] 

'here.  vfcW’l**'*  and  ?  £  5*  . 

(o 


is  the  incoming  impressed  electric  field. 

/lif  fr|  i.n«£  /H 

The  E.F.l.E.  is  solved  by  the  moment  method  applied  to 
surfaces  and  wires.  The  set  of  expansion  and  test  func- 
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tions  used  for  the  surface  currents  are  due  to  GLISSON 
[l]  (fig. 2).  The  surface  is  modeled  by  triangular 
patches.  The  current  on  the  dipoles  is  expanded  into 
standard  pulse  functions.  The  connection  between  wires 
and  surfaces  is  done  by  "junction  type"  triangle  pat¬ 
ches  whose  common  vertex  is  a  node  of  the  triangular 
patch  modeling  and  the  attachment  point  of  the  wire  to 
the  surface  (fig. 3).  The  current  flowing  from  the  wire 
onto  the  surface  is  assumed  to  have  a  radial  behaviour 
and  a  1/r  decrease  in  amplitude.  A  set  of  junction  type 
basis  functions[2"^insures  the  continuity  of  the  current 
flow  from  the  wire  to  the  surface  (fig. 4). 


fig. 2  -  Expansion  function  for  triangular  patches 


fig.  3  -  Wire  attachment  to  surface  modeled  by  triangular 
patches 


The  equation  (2)  is  transformed  into  a  linear  system  of 
equations.  The  number  N  of  unknown  currents  is  the  sum 
of  Ns  non-aperture  edges  of  the  triangular  patches  of 
the  surface,  H I  junction-type  triangles  and 

thin  dipoles. 

In  the  lightning  strike  configuration,  there  are  two 
dipoles  attached  at  the  entry  and  exit  point  of  the  sur¬ 
face.  As  stated  earlier,  these  currents  are  assumed  to 
be  known. 

The  actual  number  of  unknown  currents  is  then  : 


Ms  (3) 

The  current  injection  scheme  consists  of  computing  the 
impedance  matrix  over  tfs  +  ft j  elements 

with  only  hf r  unknown  to  be  found. 

The  following  linear  system  is  then  solved  : 

•  2swXw 

-Z^Xw  (<) 


z»  r, 

ZJ*X, 


■Z3iT,  « 


'zn,i*2r.z3r.z.",.z™ 


where  *  /*  /*'/*•  /  t  are  the 

self  and  mutual  impedance  matrices  between  surface, 
junction  part  and  wires. 

This  system  can  also  be  written  as  : 
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The  excitation  term  can  be  seen  as  the  voltage  across 
each  element  of  the  surface  and  junction  part  created 
by  the  entry  and  exit  currents  on  the  two  dipoles. 


IV  -  RESULTS 

An  aircraft  30  m  long  with  40  m  wing  span  bas  been 
modeled  into  a  triangular  patch  surface  including  80 
nodes,  282  edges  and  188  patches.  The  two  attachment 
points  (entry  and  exit)  were  respectively  put  at  the 
nose  and  tail  of  the  aircraft.  The  code  was  run  at 
several  frequencies  ranging  from  50  kHz  to  5  MHz.  The 
two  first  aircraft  resonances  appear  at  3.8  MHz  and 
4.5  MHz.  From  50  kHz  to  1  MHz,  the  induced  surface  cur¬ 
rents  are  essentially  real  and  relatively  unsensitive 
to  the  frequency.  Above  this  range,  the  resonance  ef¬ 
fect  starts  to  be  noticeable  and  the  imaginary  part  of 
the  currents  start  growing. 

The  surface  current  distribution  taken  at  50  kHz  is 
shown  on  fig. 5.  Arrows  show  the  direction  of  current. 


\  •* 

l  0  .1*1 

fig. 4  -  Expansion  function  for  “junction -type*  triangles 


fig. 5  -  Surface  currents  distribution  on  an  aircraft 
patch  mode)  at  50  kHz 
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High  values  of  current  occur  mainly  near  the  nose  and  the  time  domain  result  shown  on  fig. 8  which  corresponds 

by  the  tailplane.  The  current  flow  from  the  entry  point  to  the  sum  o*  all  the  junction  currents  at  the  entry 

to  the  exit  is  quite  visible.  point. 

Since  the  frequency  spectrum  of  the  current  pulse  is 
two  decades  belowits  maximum  value  at  50  kHz  (see  fig.l)  ° 

the  frequency  sweep  necessary  to  obtain  time  domain  _ 

results  was  limited  to  this  value.  Six  points  were  2 

chosen  on  the  aircraft  surface  (point  A  to  F)  in  order 
to  obtain  time  domain  results,  by  a  FFT  procedure.  The  . 

induced  surface  currents  (fig.  6,7)  have  the  same  time 
dependence  as  the  injected  current  pulse  since  no  air¬ 
craft  resonance  is  excited. 


fig.  6  -  Time  domain  surface  currents  induced  on 
an  aircraft  (10  kA  injected  current). 
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fig.  7  -  Time  domain  surface  currents  induced  on 
an  aircraft  (10  kA  injected  current). 


fig.  8  -  Time  domain  junction  current  at  the  entry  point 

The  normal  component  of  the  total  electric  field  at  the 
surface  of  the  scatterer  can  be  written  as  : 

(i) 

<j"'.  I10*0 

It  is  then  straightforward  to  obtain  this  quantity  all 
over  the  surface.  The  time  domain  normal  component  of 
E  is  plotted  on  fig. 9  at  point  A  and  B.  The  E  field  at 
the  nose  of  the  plane,  near  the  attachment  point  is  far 
more  important  than  elsewhere  on  the  surface,  which  is 
to  be  expected. 


fig. 9  -  Time  domain  normal  E  field  component  on  the 
aircraft  surface 


A  good  checkof  the  validity  of  the  injection  technique 
adopted  here,  is  to  sum  over  the  number  of  junction 
triangles  at  the  entry  or  exit  points,  the  junction 
currents  obtained  after  inversion  of  the  impedance 
matrix. 

Recalling  that  10  kA  have  been  injected  which  corres¬ 
pond  to  a  maximum  amplitude  of  9.25  kA  at  4.7Mthe  in¬ 
jection  technique  works  reasonably  well  when 'one  sees 


V  -  CONCLUSION 

The  triangular  patch  modeling  of  surfaces  associated 
with  special  wire-surface  junction  techniques  is  quite 
suitable  for  solving  the  E.F.I.E.  in  the  frequency 
domain.  Direct  current  injection  onto  the  surface  works 
quite  well . 

The  results  obtained  so  far  are  promising  and  theversati 
lity  of  the  numerical  code  allows  to  modelize  a  large 
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number  of  configurations. 

The  next  step  will  be  to  apprehend  the  penetration  of 
fields  into  aperture  (cockpit  for  example)  which  is  of 
primary  interest. 
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Abet  fact  -  This  papsr  describes  s  method  to  cslculate  the  current  after  s  diract 
lightning  strike  on  sn  sircrsft.  To  solve  this  problem  ms  have  developped  s  tima 
dom  sin  algorithm  which  compute  the  current  surfacs  density  on  s  structure  of 
arbitrsry  shsps.We  sxamine  in  this  paper  its  msthematicsl  snd  numerical  aspects. 

The  lightning  strika  ia  represented  by  s  source  current  in  one  point  of  the  aircraft,  an 
exit  at  another  point  and  we  calculate  the  effscta  of  thia  current  travelling  along 
the  structure. 


1  -  INTRODUCTION 

In  the  paat  years  LCT  hss  developped 
computer  codea  to  solve  electromagnetic 
problems  in  the  field  of  NEMP  interactions. 
Two  families  of  codea  are  available,  ona  in 
the  time  domain  snd  the  other  in  the 
freguency  domain.  Theae  codea  sllowa  to 
study  interaction  of  NEMP  signals  with 
targets  of  arbitrsry  shape  (uircrsfta, 
ships,  wire  antennss,  including  more 
complicated  configurations  ae  mixed  wires 
and  surfaces  (U.S.  TACAMO  for  example)). 

The  time  domain  may  vary  from  aome  na  to 
eome  /*i  or  correlati vely  the  freguency 
domain  may  vary  from  0  to  ebout  100  MHz. 

The  purpose  of  thia  etudy  ia  to  use  auch  s 
code  to  etudy  the  effecte  of  a  direct 
lightning  strike  on  an  aircraft. 


The  frequency  domain  algorithm  ia  presented 
in  a  companion  paper  [l]  .  The  time  domain 
algorithm  ia  presented  hereafter.  The 
Maxwell  equations  ere  used  on  their 
integral  formulation  preferably  to  the 
finite  difference  one.  Thie  allows  to  uee  a 
eufece  approximation  cloae  to  the  true 
shape  of  the  aircreft  and  obtain  a  better 
eatimate  of  the  reaulte.  In  the  integral 
formulation  the  current  ie  computed  in 
local  coordinates  eo  thet  we  take  into 
account  the  local  properties  of  the 
structure  i.e.  the  curvature  radiue  at  each 
point  on  thia  one. 


In  the  case  or  the  direct  lightning  strike, 
we  take  the  a  priori  hyporheeie  that  the 
source  current  ie  impinging  on  the  aircraft 
at  one  point  and  flowa  out  by  another 
point.  More  generally  we  could  imagine 
theae  two  points  (entry  and  exit)  be 
located  aa  a  discrete  fonction  of  time.  In 
thie  hypotheaia,  consequently,  we  auppoee 
no  reaction  from  the  aircraft  on  the 
lightning  channel.  Ti.ie  ie  a  firet  approach 
on  a  eimplified  physical  model,  ueing  a 
rigorous  formulation. 


2  -  TECHNIQUE  FOR  OBTAINING  TIME-DOMAIN 

RESULT? 

We  distinguish  two  kinds  of  surfsces  on 

the  sircrsft  (a  TRANSALL  C160  in  this  study)  : 

-  the  fuselsge  which  is  s  closed  surfsce, 

-  the  wings  snd  the  tsil.  Theae  parts  of 
the  sircrsft  have  been  approximated  by 
plsnes . 

Two  equations  have  been  solved  snd  two 
slgorithma  developped  corresponding  to  the 
two  kinds  of  surfaces  indicsted  above.  The 
use  or  one  or  the  other  of  these  equations 
in  sn  electromagnetic  scettering  problem 
depends  on  the  geometry  of  the  target,  these 
two  equations  being  not  equivalent  from  a 
numerical  point  of  view. 

1.  Current  deneity  on  the  fuaelsqe 

On  auch  s  closed  surfsce  we  uee  the  magne¬ 
tic  field  integrel  equetion  (M.F.I.E.)  who¬ 
se  expreeaion  ia  s 

J»(t)  =  Z  A  x  H*(t)  ♦  ^  W 

The  current  et  time  t  at  a  point  u  on  the 
surface  can  be  computed  ueing  the  magnetic 
incident  field  at  the  eame  time  end  the 
veluee  of  current  denaitiee  on  the  eurface 
at  retarded  timee  5  where  C  =  t-R/c  and 
R  ie  the  dietence  from  the  point  u  to  any 
other  point  i  on  the  surfece. 

The  firet  term  *  *  x  ie  the  physical 
optic  approximation  term. 

The  second  term  repreoente  the  radiation 
of  currents  at  the  different  patchee  of 
the  structure  et  retarded  times. 

In  particular,  if  isu,tsP  and  the  delay 
ie  zero.  The  velue  of  the  eelf  patch  inte¬ 
gral  can  be  computed  if  we  know  the  princi¬ 
pal  curvature  radiue  fi-  and  fw  at  the  center 
of  thie  patch.  We  obtain  the  reeult  : 

where  Vie  the  radius  of  the  patch  approxi¬ 
mated  by  a  circle. 
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The  preceeding  equstion  is  thsn  : 

J.WH 4 (4.t)=  Us  H*W  ♦  A  '/( Vst  ft) *  ** 

*-ith:  <•  =  -£  (r — r-)  fc) 

The  fuselage  of  the  aircraft  is  modeled  by 
three  surfaces  : 

-  half  s  sphere  at  the  nose, 

-  8  cylinder  in  plsce  of  the  csbin, 

-  s  cone  st  tha  aft. 

On  each  of  these  particular  surfaces  we  use 
a  proper  systam  of  coordinates  (spherical, 
cylindrical).  The  patches  on  each  of  these 
surfaces  are  approximately  square  in  the 
corresponding  coordinates. 

This  is  a  first  approach  to  solve  the 
problem.  It  can  be  improved  using  at  each 
discretization  point  on  the  surface  the 
values  of  its  right  curvature  rsdlus  st 
this  point. 

In  the  esse  of  the  sphere,  the  two 
curvature  radius  being  equal  e  is  zero.  In 
the  case  of  the  cylinder  snd  the  cone  one 
of  the  principal  curvature  radius  is  zero 
and  the  value  of  e  is  : 

c=  (5) 

The  integral  over  the  other  patches 
requires  to  compute  the  velues  of  the 
current  and  ita  time  derivative.  Both  have 
been  computed  uaing  Legrengien  polynomial 
interpolation. 

Moreover  we  need  to  sdd  the  contribution  of 
current  denaltiea  of  perta  of  the  aircraft 
other  then  fuselege  (winge,  tall)  to 
compute  the  right  value  of  the  potential 
vector.  The  other  valuee  are  computed 
aimultaneoualy . 

Convergence  and  atability  of  the  closed 
(.urfecea  algorithm. 


A 8  in  the  preceeding  esse  (M.F.I.E.  equs¬ 
tion),  the  surface  is  divided  in  pstches 
which  sre  spproximstely  squsre  snd  of  equal 
sress.  Tha  current  density  is  computed  st 
the  center  u  of  esch  one_from  tha  vslue 
of  the  vector  potential  A^Ct)  at  this  point. 
AA(t)  is  computed  in  fonction  of  values 
of  currant  density  st  delsyed  times  *  with 
S  =  -t  -  and  U  the  distance  between 

u  snd  tha  center  i  of  any  other  patch  on 
the  surfsce. 


with  : 

R  =  |R»  -  Ri|  W 


In  the  esse  where  the  points  i  snd  u  sre 
identicsl  (self  pstch  contribution  toli-,(t)) 
the  integral  is  not  singulsr  snd  is  found 
to  be  equal  to  : 

I  AM  <U  =  *A  L*^  (-1  4-  'fit)  L.  I*) 

Consequently  the  vector  potential  Au(t)  ie 
a  fonction  of  tho  current  density  et  the 
point  u  and  time  t  end  the  other  point*  st 
retarded  times. 


If  we  choose  a  coordinate  system  such  thet 
x  s  0  on  the  plane  we  have  : 


The  time  derivative  of  the  current  la  com¬ 
puted  from  the  following  formula  : 


-  * A>l|b)  ♦Mt-o 

j1 


The  algorithm  la  stable  if  the  petchea  heve 
approximately  equal  areaa.  The  time 
Increment  corresponds  to  the  ahorteat 
distance  between  any  two  points. 

The  area  of  the  patches  la  not  a  critical 
factor  to  obtain  the  convergence  of  the 
results. 

2.2.  Current  density  on  the  wlnqa  and  the 
tall  o7T~Ehe  aircraft. 

On  e  plane  surface  we  uat  the  Electric 
Field  Integral  Equation  (E.F.l.E.)  which 
permits  to  take  into  account  special 
conditions  in  case  of  curvature  radius 
diacontinultlea  (the  edges  of  planes  for 
example).  This  special  case  will  be 
documented  later  on. 

The  equation  we  solve  la  the  following  : 

A  «  2L*W  =  -  -ij  A  *  TV.  A.U)  ♦  A  a (4) 

ft!  ^  w 


Equetion  (()  gives  two  equations  for  each 
one  of  the  vector  potentlel  components. 


a/  On  y 


~  •*  .  \  .  ... 


- 


b/  On  z 


we  uee  i  ** 


for  the  Mixed  derivetive  we 
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The  equations  (13)  and  (14)  allows  us  to 
compute  tha  current  st  tha  cantar  of  each 
patch.  The  equation  ia  explicit  for  aach 
component  of  the  current  density  due  to  tha 
fact  that  tha  tima  derivative  on  X  makes 
appear  Au(t+1)  and  conaequently  3u(t+l), 
all  other  terma  being  evaluated  at  t. 

Special  treatment  on  edqea  of  planes 

Tha  ending  conditiona  wa  uae  are  Meixnar 
conditions  at  the  vicinity  of  an  edge  which 
atatea  that  the  two  current  denaity 
components  perpendicular  and  parallel  to 
the  edge  behave  as  the  square  root  of  the 
distance  from  the  observation  point  to  the 
edge  or  the  inverse  depending  on  the  caae. 

To  take  into  account  these  special 
conditiona,  we  ast  discretization  points  on 
the  edge.  Doing  this,  we  calculate  an 
equivalent  current  and  the  potential  vector 
on  these  patches.  It  has  been  shown  [2] 
that  these  integrals  can  be  evaluated  in 
spite  of  their  apparent  singularity  for  the 
parallel  component  caae. 

Sevsrsl  cases  have  to  be  considered  : 

-  the  edges  of  the  wings, 

-  the  intersection  between  the  horizontal 
and  vertical  atsbilizera. 

At  each  case  corresponds  a  particular 
solution. 

Convergence  and  stability  of  the  plane 
surface  algorithm. 

Convergence  conditions  require  that  the 
distance  between  discretisation  points  be  a 
fraction  of  the  rise  time  of  the  signal. 

On  the  wings  which  sre  AO  meters  long  and 
about  160  m2  of  surface  we  use  patches  of 
0.8  m2  each. 

Source  current 

We  want  to  impose  the  current  st  one  entry 
point  and  at  one  exit  point  on  the 
aircraft.  To  do  this,  we  add  to  the 
structure  two  short  wire  antennas  (two 
dipoles).  The  current  at  the  entry  point 
(middle  of  the  dipole)  is  s 

I(t)=  AO*  (t**’*  (“) 

with  :  «c4  t-AO^.*  and  :  —  3.52. AO  a'* 

The  current  at  the  exit  point  is  the  same 
than  that  of  entry  point  with  s  delay  which 
corresponds  to  the  propagation  of  the 
current  along  the  structure. 

In  the  computer  simulations  the  current  enters 
the  aircraft  at  the  nose  and  leaves  at  the 
af  t . 


The  current  at  the  entry  point  creates  a 
field  whoae  value  ia  : 

which  dependa  on  the  current  and  not  of 
the  dipole  radiua. 

Tha  aolution  ia  explicit,  the  current  dan- 
aity  at  one  point  on  the  aircraft  being 
calculated  from  tho8e  obtained  at  all  other 
point8  at  retarded  timea.  Thia  i8  8  major 
difference  with  8  frequency  domain  method 
which  ia  neceaaarily  implicit. 


4  -  RESULTS 


A  computer  program  waa  obtained  which  solvea 
the  praceading  equations.  Simulations 
conducted  with  thia  program  show  that  the 
current  denaity  at  sny  point  on  the  aircraft 
fiavt  the  aarne  time  dependence  than  the  source 
current.  The  vslue  obtained  at  one 
particular  point  depends  on  the  location  of 
thia  point  on  the  aircraft. 

Shown  on  figure  1  is  the  value  of  the 
current  density  near  the  noae  of  the 
aircraft  and  about  6  m  from  the  noae.  High 
valuea  of  the  current  denaity  are  obtained 
nasr  the  attachment  point. 

Thia  method  gives  precise  valuea  of  the 
current  density  at  the  beginning  of  the 
phenomena.  In  return  it  coata  a  lot  of 
computer  time  to  obtain  the  far  time 
response  for  which  a  frequency  method  ia 
best  suited. 


Cur(® 
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Figure  1  .  Time  domain  surface  current 

densities  induced  on  an  aircraft 
(10  kA  injected  current). 


28 


Y.  Beniguel 


5  -  SUMMARY 

The  computer  simulations  executed  with  our 
code  show  that  the  current  density  at  any 
point  on  the  aircraft  have  the  same  time 
dependence  than  the  source  current.  The 
aircraft's  resonant  frequencies  are  far  too 
high  to  be  excited  so  that  no  oscillations 
appear  in  the  response.  The  level  of  the 
current  at  one  point  depends  on  ita 
location  on  the  aircraft. 

We  comment  this  result  saying  that  this 
problem  ia  a  quasi-atatic  problem  and  the 
results  may  be  obtained  using  auch  a  lees 
complicated  method.  However  it  was 
necessary  to  uae  an  electrocinetic  method 
,  aa  oura  to  justify  thia  result. 

One  other  question  we  can  ask  and  one  other 
developpement  which  could  be  conducted  in 
the  future  concerns  the  problem  of  the 
reaction  of  the  aircraft  on  the  lightning 
channel  and  the  modifications  resulting  on 
thia  channel.  Studies  on  thia  subject 
require  to  have  access  to  precise  data  and 


have  to  be  pursued  under  collaboration  with 
experimentatora .  From  a  theoritical  point 
of  view,  our  code  permits  to  take  into 
account  the  field  diffracted  by  the 
aircraft  on  antennas  which  can  model  the 
lightning  channel.  Thie  effect  haa  been 
ignored  in  the  preaent  atudy.  Moreover  no 
commenta  have  been  made  on  the  non 
linearity  of  the  aource  current.  In  auch  a 
method  it  ia  not  a  problem  to  introduce 
it . 


Referencea; 

[ 1 ]  E.  Grorud  and  M.  Soiron 
Induced  surface  current  and  field  on  a 
conducting  body  by  a  lightning  atrike. 
Frequency  domain.  See  thia  conference. 

[2^  C.L.  Bennet  et  H.Mieraa 
Time  domain  acattering  from  open  thin 
conducting  surfaces. 
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Abstract  -  The  typical  phenomena  related  to  voltage  shock  excitation  of  a  suspended  cylinder  are 
analyzed  in  comparison  with  previous  Interpretations.  The  respective  role,  on  the  external  electric 
field  and  on  the  internal  voltage  transients,  of  capacitive  currents,  streamers,  leaders  and  arc 
transitions  are  emphasized. 

The  rationale  for  voltage  shock  excitation  aircraft  testing  is  deduced  from  the  conclusion  of  the 
study.  Use  of  a  medium-voltage  fast  rise-time  Marx  generator  (300  kV,  50  ns)  rather  than  a  high  voltage 
slow  rise-time  one  (1.4  MV,  1  us)  is  recommended. 


I  -  INTRODUCTION 

Indirect  effects  of  lightning  are  characterized  by 
fast  transients  internal  to  the  structure  and 
affecting  the  electronic  circuits.  The  coupling  of 
these  circuits  with  the  external  source  of 
electro-magnetic  radiation  proceeds  by  the  following 
ways: 

a)  aperture  coupling  of  the  extern-.l  magnetic 
field  associated  with  the  aircraft  skin  currents 
(diffusion  coupling  through  the  metallic  skin  is 
negligii-’e  at  high  frequency);  this  has  been  for  a 
long  tim-'  recognized  as  an  important  source  of 
interference  and  standard  methods  are  currently 
applied  for  ■>redicting  and  simulating  the  internal 
disturbances  ash-iclated  with  this  mode  of  coupling; 

b)  apei*ure  injection  of  displacement 
currents  generated  '>y  the  changes  of  the  quasi-static 
electric  field  norma’  to  the  aircraft  skin;  these 
changes  occur  when  a  lightning  leader  approaches  the 
aircraft,  and  when  the  associated  streamers  reach  its 
skin,  or  when  streamers  t.-'erging  from  the  structure 
connect  to  the  lightning  streamers.  This  is  the 
situation  that  voltage  shock  excitation  is  intended 
to  simulate.  This  type  of  coupling  has  been 
recognized  more  recently  as  a  possible  threat,  and 
the  related  phenomenology  as  well  as  the  rationale 
for  testing  are  still  open  to  discussion; 

c)  injection  of  extra  currents  associated 
with  breakdown  phenomena  at  the  apertures;  this  ie 
typically  a  non  linear  effect  and  its  evaluation 
requires  a  full  scale  test;  this  case  is  not 
considered  in  this  paper. 

The  aim  of  the  present  study  is  to  analyze,  in 
relation  with  the  choice  of  the  selected  parameters, 
the  relevance  of  the  laboratory  simulation  of  voltage 
shock  excitation.  As  the  final  objective  is  to 
protect  the  internal  circuits  against  indirect 
effects  of  lightning,  any  external  excitation  not 
related  to  an  Internal  disturbance  will  be  discarded 
as  Irrelevant. 

This  type  of  simulation  is  performed  with  a 
high-voltage  Marx  generator  of  a  given  polarity, 
voltage  and  rise  time;  the  fuselage  is  approximated 
by  a  cylinder  having  a  given  capacitance  tu  ground; 
this  cylinder  is  excited  by  the  generator  through  a 
first  spark  gap  (upper  gap);  a  second  spark  gap 
(lower  gap)  is  located  between  cylinder  and  ground. 


The  following  questions  will  be  examined:  choice  of 
the  polarity;  choice  of  the  gap  length;  role  of  the 
cylinder  dimensions  and  of  its  capacitance  to  ground; 
best  compromise  between  voltage  and  rise-time. 

Although  the  majority  of  the  cloud-to-ground  strokes 
is  of  the  negative  polarity,  if  we  assume  that  the 
interior  problem  is  essentially  linear,  the  sign  of 
the  excitation  is  Irrelevant;  the  same  is  true  if  non 
linear  phenomena  are  produced  by  the  currents 
circulating  at  the  junction  of  metallic  skin  and 
composite  panels:  if  these  currents  are  driven  by 
voltage  shock  excitation,  the  response  is  generally  a 
slightly  damped  oscillation  of  the  same  type  for  both 
polarities.  Note  that  a  positive  excitation  has  the 
advantage  of  making  easier  the  simulation  of  an 
incoming  leader  if  a  point  is  used  at  the  generator 
side  of  the  upper  gap,  and  of  a  departing  leader  if  a 
point  is  used  at  the  cylinder  side  of  the  lower  gap. 
According  to  K.Feser  [l] ,  if  the  gap  is  more  that  5 
cm  long,  and  if  the  rise  time  of  the  generator  is 
short  enough  (  < 50  ns  )  ,  high  current  streamers 
(I  >  100  A  )  are  first  generated;  a  leader  is  produced 
after  this  first  phase  and  before  the  arc  transition. 
This  phenomenology  resembles  the  most  the 
phenomenology  expected  from  the  real  lightning.  This 
is  why,  in  the  work  described  here,  gap  lengths 
between  5  and  35  cm,  a  positive  polarity,  and  a  fast 
rise-time  (<50ns)  300  kV  Marx  generator  have  been 

used.  Particular  attention  is  devoted  to  the 
characterization  of  the  physical  mechanisms  related 
to  the  behaviour  of  the  system,  and  a  comparison  is 
rsde  with  an  earlier  experiment. 

11  -  TUf.  CUFFORD-ZEISEL  EXPERIMENT  AND  ITS 

INTERPRETATION 

A  pioneering  work  in  high-voltage  shock  excitation 
was  published  in  1979  by  Clifford  and  Zeisel  [2]  .  In 
this  experiment,  the  gsp  length  varies  from  2.5  to  63 
cm.  The  cylinder  to  ground  capacitance  is  140  pF.  The 
Marx  generator  voltage  is  1.4  MV  but  a  reduced 
voltage  of  600  kV  is  typically  used;  the 
corresponding  rise  time  is  4no  ns.  The  recordlnss  of 
the  external  electric  field  E,  as  measured  by  a 
sensor  placed  in  a  stand  in  front  of  the  cylinder,  of 
the  current  and  of  an  internal  voltage  disturbance, 
r re  shown  in  Fig.  1. 

The  different  steps  of  the  discharge  process  are 
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explained  as  follows  by  Clifford  and  Zeisel: 

a)  a  pulse  of  typically  600  kV  is  delivered 
at  time  T1  by  the  Marx  generator;  the  cylinder 
acquires  a  voltage  due  to  charging  by  displacement 
currents  the  electrode-to-cylinder  (Cl)  and  the 
cylinder-to-ground  (C2)  capacitances;  the  related 
event  is  designated  as  the  E-dot  event; 

b)  from  time  T1  to  time  T2,  streamers 
emerging  from  the  high-voltage  electrode  approach  the 
cylinder,  increasing  steadily  its  electric  charge  and 
the  field  E;  this  is  equivalent  to  say  that  the 
capacitance  Cl  between  streamers  connected  to  the 
high  voltage  and  the  cylinder  decreases  steadily  as 
the  effective  gap  length  decreases; 

c)  at  time  T2,  the  streamers  connect  to  the 
cylinder,  producing  a  sudden  increase  of  E;  the 
corresponding  event  is  designated  as  the  V-dot  event; 

d)  from  time  T2  to  time  T3,  as  a  consequence 
of  the  increase  of  voltage,  streamers  are  produced 
at  the  other  gap;  the  capacitance  C2  of  this  gap 
Increases  and  E  decreases  slightly; 

e)  at  time  T3,  the  streamers  reach  the  ground 
and  the  arc  transition  occurs,  analog  to  the 
lightning  return  stroke;  the  electric  field  E 
vanishes  as  the  generator  is  short-circuited  by  a 
very  low  Impedance;  a  large  current  flows  through  the 
loop  formed  by  the  generator,  the  upper  gap,  the 
cylinder,  the  lower  gap,  and  the  ground  return  path; 
the  related  resonant  frequency  is  observed  in  the 
current  waveshape. 

It  is  important  to  point  out  that  the  internal 
disturbance  only  appears  at  times  Tl,  T2,  and  T3  and 
not  during  the  intermediate  phases. 

This  interpretation  can  be  questioned  for  the 
following  reasons: 

a)  the  field  value  measured  at  Tl  is  about 
one  third  the  value  obtained  at  the  attachment  of  the 
streamer,  which  corresponds  to  a  direct  connexion 
with  the  generator;  this  is  not  consistent  with  the 
value  of  Cl  and  C2; 

b)  the  streamers  produced  in  the  upper  gap 
travels  during  8  ys  an  unspecified  distance  having  an 
upper  bound  of  62  cm;  the  corresponding  velocity  is 
therefore  smaller  than  8.10"  ms-1,  an  excedingly  low 
value  for  a  streamer  velocity. 

HI  -  EXPERIMENTAL  SET-UP  . 

Fig.  2  shows  the  experimental  arrangement.  The 
aircraft  fuselage  is  simulated  by  a  AGS  cylinder  2.6 
m  long  and  26  cm  In  diameter,  suspended  at  about  3  m 
from  ground.  A  square  aperture  20  x  20  cm  is  cut  in 
its  side  wall.  Two  gaps  having  a  length  variable 
between  5  and  35  cm  are  located  between  the  high 
voltage  terminal  and  one  end  of  the  cylinder,  and  the 
ground  and  the  other  end.  The  cspacltance  Cl  between 
cylinder  is  about  2  pF.  The  positive  aide  of  each  gap 
is  fitted  with  a  point.  A  530  12  resistor  ia  inserted 
between  generator  and  high-voltage  point  In  order  to 
limit  the  current  during  the  arc  phase. 

The  following  diagnostics  have  been  implemented: 

a)  a  high  voltage  divider  bridge,  for  the 
measurement  of  the  generator  output  voltage; 

b)  a  Pearaon  probe  around  the  generator  gound 
connexion,  for  the  measurement  for  the  current  (type 
110  A,  bandwidth  1  Hz  -  30  MHz); 

c)  an  E  field  sensor,  located  on  the  external 
skin  of  the  cylinder,  in  front  of  the  ground 
(bandwidth  50  Hz  -  130  MHz); 

d)  a  voltage  amplifier  connected  to  an 
Internal  wire  line  (bandwidth  500  Hz  -  130  MHz); 

e)  an  Imacon  image  converter,  used  to 


visualize  (single  shot  or  streak  mode)  the  discharges 
obtained  in  the  two  gaps. 

Note  that  the  E  field  is  proportional  to  the  voltage 
applied  to  the  cylinder  only  if  the  geometry  is 
unchanged:  this  is  not  the  case  when  different 
configurations  are  compared  or  when  a  discharge 
develops  in  the  cylinder  environment. 

All  the  signals  are  transmitted  by  opto-electronic 
links  (Electro  Optic  development  FOL  100,  bandwidth 
1.5  MHz  -  100  MHz  and  0NERA,  bandwidth  1  kHz  -  150 
MHz)  and  digitalized  by  fast  analysers  (Tektronix 
7612);  the  data  are  then  reduced  and  stored  with  a 
Tektronix  4052  mini-computer. 

The  shock  excitations  have  been  applied  with 
three  values  of  the  positive  voltage:  168,  240  and 
300  kV; 

IV  -  EXPERIMENTAL  RESULTS:  BEHAVIOUR  OF  THE 
DISCHARGE  THROUGH  A  GAP  . 

When  the  excitation  is  applied,  it  is  expected  that 
the  ratio  of  the  cylinder  voltage  to  the  excitation 
voltage  reaches  i.'.  a  very  short  time  a  value 
determined  by  the  ratio  C1/(C1+C2)  or  approximately 
0.05.  Actually,  the  measured  value  is  close  to  0.3; 
it  has  been  verified  that  at  low  excitation  voltage, 
i.e.  without  discharge  formation,  this  ratio  is  0.05 
as  expected:  this  means  that  at  the  operating  voltage 
the  discharge  is  formed  and  is  in  contact  with  the 
cylinder  at  very  early  times.  This  suggests  that  t’  « 
so-called  E-dot  event  of  Clifford  and  Zeisel  is  more 
properly  a  V-dot  event,  the  E  field  change  being 
obtained  by  conduction  charging  and  not  by  a 
capacitive  current.  To  verify  this  hypothesis,  it  was 
decided  to  study  the  discharge  generated  in  the  upper 
gap  when  the  cylinder  is  grounded. 

A  typical  stresk  camera  recording  correlated  with  a 
current  recording  is  shown  in  Fig.  3.  The  gap  length 
is  15  cm  and  the  applied  voltage  V  is  168  PV , 

A  first  current  peak  is  observed  at  the  application 
of  the  voltage,  and,  at  the  same  time,  a  brush 
discharge  constituted  by  a  great  number  of  streamers 
is  seen  across  the  gap;  at  the  time  scale  of  the 
recording  (about  1  ps  full  scale)  it  is  difficult  to 
evaluate  precisely  the  delay  after  the  application  of 
the  voltage  which  is  necessary  for  the  streamers  to 
bridge  the  gap;  their  speed  is  of  the  order  of  3 . 10 6 
ms  1  ;  the  firat  peak  of  current  is  approximately  120 
A;  dv/dt  is  about  5.  10  12  Vs-1;  with  a  gap 
capacitance  of  2  pF,  the  displacement  current  Cdv/dt 
cannot  account  for  this  peak  which  is  consequently 
due  to  conduction  by  the  streamers  ;  a  resonance  is 
observed  in  ihe  current,  which  average  value,  always 
positive,  decreases  first  for  300  ns;  during  this 
time  a  conduction  current  flows  through  the  gap  along 
the  streamers;  at  300  ns,  a  leader,  characterized  by 
its  luminous  tip,  leaves  the  high-voltage  electrode 
with  a  velocity  of  4.10s  ms'1;  in  the  same  time,  the 
average  current  increases  slightly.  When  the  leader 
reaches  the  cylinder,  the  arc  transition  is 
triggered,  characterized  by  an  Intense  luminosity  and 
by  a  steep  increase  of  the  current  to  the  value  of 
300  A  determined  by  V/R. 

By  varying  the  gap  length  and  the  applied  voltage, 
the  limits  of  the  regime  described  above  can  be 
meaaured;  the  streamers  appear  when  the  field  is 
sufficient  to  provoke  the  breakdown;  their  velocity 
varies  between  10*  and  107  ma-1  ,  and  the  total 
current  carried  Is  of  the  order  of  few  hundred 
Amperes  (this  la  probably  due  to  the  short  rise-time; 
with  long  rise-time  generators,  the  current  is 
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generally  weaker).  The  average  value  of  this  current  5  -  Time  T3:  the  arc  transition  is  obtained 

has  been  plotted  in  Fig.  4  as  a  function  of  the  in  the  upper  gap  and  the  generator  delivers  the  full 

electric  field  across  the  gap  and  of  the  applied  arc  current  to  the  circuit, 

voltage. 

The  leader,  which  has  a  velocity  between  10 4  and  10  An  experiment  performed  with  an  upper  gap  length  of 

ms-1  appears  only  for  intermediate  values  of  the  only  7  cm  and  a  lower  gap  length  of  15  cm  displays 

field:  if  the  field  is  higher  than  a  critical  value,  the  same  phenomenology  with  a  larger  delay  T2-T1.  In 

the  arc  transition  occurs  rapidly  without  leader  all  cases,  the  streak  camera  recordings  show  clearly 

propagation;  it  can  also  be  observed  that  for  the  that  at  time  T1  the  jump  in  voltage  is  due  to  the 

lower  values  of  the  field,  the  arc  appears  only  a  streamers  and  not  to  a  capacitive  current, 

certain  time  after  the  leader  has  reach  the  cylinder: 

in  this  case,  the  conductivity  of  the  leader  is  to  A  surprising  result  is  the  observation  that  the  lower 

low  for  triggering  the  transition.  In  accordance  with  gap  is  activated,  in  our  experiment,  before  the  upper 

an  observation  by  Sigmund  and  Goldman  [3]  ,  it  has  gap,  contrary  to  the  case  of  the  Cliff ord-Zeisel 

been  verified  that,  for  a  given  generator  voltage,  experiment.  This  is  due  to  the  fact  that  the  cylinder 

the  arc  transition  occurs  when  a  given  energy  density  to  ground  capacitance  is  only  40  pF  in  this 

per  unit  length  has  been  deposited  in  the  gap;  the  experiment  instead  of  140  pF  in  the  Clif ford-Zeisel 

measured  values  of  this  density  is  0.2  J  cm-  for  a  experiment.  Adding  an  extra  cylinder-to-ground 

voltage  of  168  k7  and  0.6  J  cm'1  for  300  kV.  capacitance  restitute  the  positive  slope  of  the  field 

curve  between  T1  and  T2.  If  the  capacitance  is  large 
V  -  EXPERIMENTAL  RESULTS:  CASE  OF  THE  FLOATING  enough,  the  lower  gap  cannot  be  energized  with  a 

CYLINDER  .  sufficient  overvoltage  to  trigger  a  leader  in  this 

gap  before  the  formation  of  the  leader  in  the  upper 
In  a  typical  experiment,  the  upper  gap  is  15  cm  long  gap.  It  seems  therefore  that  a  good  simulation  should 

and  the  lower  gap  7  cm  long.  use  a  cylinder  more  representative  of  the  actual 

Fig.  5  shows  the  evolution  of  the  electric  field  at  dimensions  and  capacitance  of  an  aircraft.  This  point 

the  wall  of  the  cylinder,  which  permits  to  appreciate  will  be  discussed  later, 

the  cylinder  voltage,  and  of  the  ground  return 

current  (lower  gap  current);  the  upper  gap  current  is  VI  -  TRANSIENTS  INDUCED  ON  THE  INTERNAL  LINE  . 

not  measured  and  can  only  be  estimated  from  the  other 

parameters.  The  streak  camera  recordings  associated  The  test  line  is  placed  axially  inside  the  cylinder; 
with  these  curves  show  the  upper  and  lower  gap  the  induced  transients  have  been  measured  on  a  50 

discharges.  resistor,  in  the  short  circuit  case  and  also  with  a 

10  kft  termination.  The  cylinder  wall  is  thick  enough 
The  succession  of  the  different  events  can  be  (1.5  mm  of  AG5)  to  eliminate  any  diffusion  coupling 

described  as  follows:  for  the  considered  frequency  range:  the  rise  time  of 

1  -  Time  Tit  When  the  Marx  generator  is  the  diffused  field  is  10  us  and  the  times  of 

triggered,  the  streamer  phase  appears  in  the  upper  interest  in  this  work  are  shorter  than  1  ps  [4]  . 

gap;  the  corresponding  current  charges  up  the  The  analysis  of  the  transients  obtained  on  the  line 

cylinder;  it  has  been  verified  that,  during  this  will  be  performed  with  reference  to  the  external 

phase,  the  relation  mentioned  above  between  the  problem  (structure  of  the  electromagnetic  field  in 

streamer  current  and  the  field  applied  to  the  gap  is  front  of  the  aperture)  and  to  the  internal  problem 

still  valid.  The  cylinder  acquires  a  voltage  superior  (coupling  between  the  test  line  and  the  electric  and 

to  the  value  corresponding  to  the  case  where  the  two  magnetic  dipoles  equivalent  to  the  electro-magnetic 

gaps  have  the  same  resistance  per  unit  length:  this  configuration  at  the  aperture  [5)  ). 

is  due  to  the  fact  that  the  voltage  increases  during  fig.  7  and  8  display  the  transients  obtained  with  the 

the  delay  necessary  for  the  streamers  to  bridge  the  floating  cylinder.  The  following  remarks  can  be  made: 
lower  gap.  a)  as  in  the  case  of  the  Clif ford-Zeisel 

2  -  Time  T1  to  time  T2:  the  corresponding  experiment,  no  transient  is  induced  in  the  phases 

phase  is  a  slow  decrease  of  the  cylinder  voltage;  between  the  times  T1 ,  T2  and  T3;  this  means  that,  in 

this  is  due  to  the  fact  that  the  current  in  the  lower  the  exterior  electro-magnetic  configuration,  the 

gap  is  greater  than  the  current  of  the  upper  gap;  the  changes  associated  with  the  motion  of  the  leaders  are 

difference  is  only  about  10  A.  This  difference  could  too  slow  to  produce  any  E-dot  effect;  for  this 

be  due  to  the  larger  overvoltage  obtained  in  the  reason,  the  fact  that  in  our  experiment  the  lower  gap 

lower  gap  as  a  consequence  of  the  delay  mentioned  leader  is  propagated  before  the  upper  gap  leader  is 

above;  a  leader  can  be  observed  in  this  gap,  and  if  irrelevant; 

its  resistance  per  unit  length  is  smaller  than  that  b)  the  pattern  obtained  for  the 

of  the  streamer,  the  gap  conductivity  increases  short-circuited  line,  which  is  sensitive  only  to  the 

during  its  propagation.  This  is  not  observed  for  the  internal  magnetic  field  changes,  show  that  the 

lower  values  of  the  field  since  in  this  case  the  electric  dipole  at  T1  and  T2  gives  shock  excited 

leader  conductivity  is  low,  and  the  arc  transition  magnetic  disturbances  at  the  line  location;  the 

doea  not  appear  when  the  leader  bridges  the  gap  (Fig.  current  rise  at  T3  gives  a  magnetic  disturbance 

6).  reproducing  the  current  slope  plus  some  shock 

3  -  Time  T2:  the  lower  gap  experiences  the  excitation; 

arc  tranaition,  and  the  cylinder  voltage  vanishes;  c)  the  pattern  obtained  for  the  high 

the  transition  being  associated  with  a  given  energy  Impedance  line,  which  is  essentially  sensitive  to 

density  per  unit  length,  and  the  corresponding  value  capacitive  pick-up,  reproduce  at  T1  and  T2  the 

being  larger  for  the  lower  gap,  it  is  not  surprising  derivative  of  the  voltage  waveform,  i.e.  the 

to  obtain  ths  transition  first  in  this  gap.  displacement  currents  injected  into  the  interior 

4  -  Time  T2  to  time  T3:  as  soon  as  this  volume  by  the  electric  dipole;  the  magnetic 

transition  occurs,  the  energy  deposited  in  the  upper  excitation  at  T3  gives  also  a  small  signal  associated 

gap  increases  snd  a  process  similar  to  the  one  with  the  voltage  induced  in  the  interior  between  wire 

described  above  appears  also  in  this  gsp.  snd  wall. 
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d)  if  we  analyze  in  Fig.  8  the  magnitude  of 
the  transients,  it  appears  that  a  V-dot  excitation 
corresponding  to  an  electric  field  of  180  kV  m  gives 
approximately  the  same  amplitude  that  a  I-dot 
excitation  corresponding  to  a  current  step  of  300  A; 
if  the  current  distibution  is  symmetrical,  the  latter 
corresponds  to  367  A  m— 1  ;  interpretation  of  these 
values  requires  an  understanding  of  the  transfer 
functions  from  the  external  sources  to  the  internal 
circuit.  These  transfer  functions  are  plotted  versus 
frequency  in  Fig.  9  (for  the  short-circuited  line) 
and  11  (for  the  high-impedance  line);  the  input 
functions  are,  for  both  cases,  the  electric  and 
magnetic  dipoles  associated  with  an  unit  excitation 
(IV  mJand  1  A  m1). 

VII  -  CONCLUSION 

This  experiment  shows  that  the  voltage  shock 
excitation  is  a  possible  threat  for  indirect  effects 
of  lightning;  in  particular,  such  effects  could  be 
Important  at  the  time  of  attachment  of  a  streamer  to 
the  aircraft  structure  (or  of  the  junction  of  an 
aircraft  streamer  with  the  streamers  associated  with 
the  step  leader); 

Discussing  the  possibility  of  predicting  the 
amplitude  and  spectrum  of  the  corresponding 
excitation  is  out  of  the  scope  of  the  present  paper, 
but,  if  this  evaluation  can  be  performed,  the 
resulting  internal  transient  depends  only  on  the 
solution  of  the  Internal  problem;  if  this  problem  is 
linear,  it  can  be  solved  by  computational  methods  or 
by  measuring  the  small  signal  harmonic  transfer 
function  between  excitation  and  internal  induced 
voltage,  but  it  is  likely  that  non-linear  effects  are 
generated  at  the  junctions  between  panels.  The 
sensitivity  of  an  internal  wiring  to  voltage  shock 
excitation  must  therefore  be  checked  with  full 
excitation;  this  can  be  made  on  a  suspended  aircraft 
with  a  Marx  generator. 

The  result  of  this  study  shows  that  E-dot  transients 
or  leader  propagation  are  not  generating  any  internal 
disturbance  and  that  only  V-dot  transients  have  to  be 
simulated.  On  the  one  hand,  the  condition  stated  by 
Clifford  and  Zeisel  that  V-dot  and  I-dot  temporal 
responses  shall  be  separated  is  also  met  with 
voltages  as  low  as  300  kV  and  gap  lengths  of  15  cm. 
On  the  other  hand  the  excitation  obtained,  which  is 
proportional  to  dV/dt,  can  be  stronger  with  a  short 
rise-time  medium-voltage  Marx  generator  than  with  a 
long  rise-time  high-voltage  one:  for  this  reason,  we 
recommend  the  use  the  former  and  15  to  30  cm  long  air 
gaps. 


Clifford  and  Zeisel,  at  the  end  of  their  paper, 
suggest  the  use  of  charging  the  test  vehicle  like  a 
capacitor  and  then  letting  it  discharge  to  ground  for 
having  a  large  I-dot  transient.  In  the  same  way,  the 
superposition  of  an  initial  charge  and  of  a  pulse 
delivered  by  a  fast  rise-time  medium-voltage  Marx 
generator  can,  with  the  proper  arrangement,  produce  a 
very  large  and  very  fast  V-dot  transient.  This 
suggestion  has  still  to  be  verified  by  future 
experiments. 
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Figure  1.  The  Clif ford-Zeiael  experiment:  time 
history  of  the  transient  events  (from  ref. 2). 
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Figure  3.  Brush  discharge,  leader  and  arc 
transition. 

3a  Discharge  geometry 

3b  Streak  camera  recording 

The  streamers  forming  a  brush  discharge  are  visible 
at  the  left  end;  the  arc  phase  is  characterized  by 
the  strong  illumination  seen  at  the  right  side;  the 
curved  line  in  the  middle  shows  the  leader 
progression 

3c  Current  recording 

Total  duration  of  breakdown  phase  from  application  of 

the  voltage  to  arc  transition  is  1  ps 


Figure  2.  Experimental  set-up. 
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Figure  4.  Variation  of  the  streamers  average  current 
I  as  a  function  of  the  average  longitudinal  electric 
field  in  the  gap  Eg  and  the  Marx  generator  voltage  V 
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Figure  6.  Streak  camera  recordings  of  arc 
transitions. 

In  the  first  recording  (6a),  the  transition  occurs 
before  the  junction  of  the  leader  and  the  electrode; 
In  the  second  case  (6b),  the  transition  Is  triggered 
by  the  junction  of  the  leader;  In  the  third  case 
(6c),  the  plasma  suffers  an  extinction  between  leader 
junction  and  arc  transition.  The  type  of  situation 
obtained  depends  on  the  gap  overvoltage. 


Figure  5.  Time  history  of  transient  events  with  the 
floating  cylinder. 

5a  E-fleld  recording 
5b  Lower  gap  current 

5c  Streak  camera  recording  (visible  light);  the 
two  gaps  have  been  simultaneously  recorded. 

5d  Streak  camera  recording  (UV  and  visible  light) 
of  the  lower  gap. 

5e  Streak  camera  recording  (UV  and  visible  light) 
of  the  upper  gap. 

In  the  streak  camerc  recordings,  note  that  UV  light 
Is  emitted  by  the  streamers  and  visible  light  by  the 
leader  tip  and  the  arc  phases. 
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8.  Disturbance  obtained  on  an  internal 
npedance  line 

External  E-field  signal 
Lower  gup  current 

Voltage  induced  across  a  50  fl  resistor  inserted 
axial  l.igh-iDpedance  line. 
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UOLTAGE  MAGNITUDE  AT  TNE  END  OF  THE  LINE.  0a 
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Figure  9.  Transfer  function  relative  to  the  Interior 
problea  In  the  linear  reglae;  the  output  la  the 
voltage  Induced  across  a  50  0  resistor  Inserted  In  an 
axial  short-circuited  line. 

9a  Magnetic  dipole  contribution 
9b  Electric  dipole  contribution 


Figure  10.  Transfer  function  relative  to  the  Interior 
problea  In  the  linear  reglae;  the  output  Is  the 
voltage  Induced  across  a  50'..  resistor  Inserted  In  an 
axial  line  having  a  10  kfl  termination. 

10a  Magnetic  dipole  contribution 
10b  Electric  dipole  contribution. 
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ASSOCIATED  WITH  CABLE  INJECTION  TESTS 


R.  Hess 

Principal  Engineer,  Sperry  Corporation,  Aerospace  &  Narine  Group,  Phoenix,  Arizona  85027,  U.S.A. 


ABSTRACT 

When  an  aerospace  vehicle/lightning  interaction  occurs,  electrical  power  transients  cen  be  produced 
throughout  the  wiring  within  the  vehicle.  The  transients  cen  be  substantial,  and  thorough  design  end 
verification  measures  must  be  taken  to  ensure  the  immunity  of  vehicle  electricel/electronlc  equipment  to 
such  transients.  This  paper  presents  the  results  of  an  analysis  that  considered  the  effects  of  varying  only 
the  linear  properties  of  the  transfer  functions  (break  frequencies!  of  the  devices  used  es  pert  of  the 
arrangements  for  cable  injection  tests.  The  distinct  possibility  of  e  significant  effect  on  the  results  of  tests 
that  Involved  applying  the  double  exponential  or  damped  sinusoid  pulse  waveform  is  demonstrated  by 
varying  specific  characteristics  of  such  transfer  functions. 


I  -  INTRODUCTION 

When  an  aerospace  vehicle/lightning  Interaction 
occurs,  electrical  power  transients  can  be  produced 
throughout  the  wiring  within  the  vehicle.  These 
transients  can  be  substantial,  and  thorough  design 
and  verification  measures  must  be  taken  to  ensure  the 
immunity  of  vehicle  electrical/electronic  equipment 
to  such  transients,  (Ref.  I,  2,  3).  This  is  partic¬ 
ularly  the  case  because  the  technological  trends 
relative  to  aerospace  vehicle  design  are  toward 
Increasing  vulnerability  to  the  effects  of  lightning 
(Ref.  4).  One  such  trend,  which  is  currently  the 
subject  of  Intensive  investigatloi/evaluatlon  (Ref. 

5,  6,  7,  8,  9),  is  the  increasing  reliance  on  digital 
data  processing  to  provide  functions  that  are 
considered  "flight  critical." 

(I  -  DISCUSSION 

Design  and  verification  measures  Include  analysis  and 
test  activity.  For  electrical/electronic  equipment, 
analyses  may  be  performed  and  testing  may  be  con¬ 
ducted  at  the  system,  subsystem,  equipment,  circuit 
or  device  level.  The  waveforms  of  the  transients 
Induced  in  vehicle  wiring  by  lightning  are  relatively 
complex  and,  for  tests  involving  the  Injection  of 
transients  into  cable  wiring  (laboratory  tests),  this 
complex  waveform  would  be  decomposed  into  represent¬ 
ative  components  (Ref.  10).  A  waveform  component 
would  be  developed  using  a  particular  test  arrange¬ 
ment,  and  care  must  be  exercised  to  preserve  the 
fidelity  of  the  particular  waveform  that  appears  at 
the  equipment  Interface  under  test. 

All  devices  that  are  physically  realizable  have 
finite  limitations.  This  paper  reviews  only  linear 
(transfer  function)  aspects  that  result  from  the 
arrangement  of  test  apparatus.  By  arrangement,  I 
mean  the  pulse  generator  or  source  of  the  transient, 
the  coupling  device  that  transfers  energy  from  the 
generator  to  the  cable  through  the  medium  of  electric 
or  magnetic  fields,  and  any  other  elements  that  con¬ 
tribute  to  the  overall  transfer  function  of  the  test 


arrangement.  In  addition  to  the  process  producing 
the  transient,  the  high-fidelity  measurement  of  the 
transient  that  actually  occurs  is  also  an  essential 
element  in  conducting  cable  injection  tests. 

Even  though  the  following  concepts  are  Illustrated  by 
considering  magnetic  field  devices  for  coupling  the 
cable  injection  and  for  injected  waveform  monitoring, 
they  are  general  in  nature  and  apply  to  any  coupling 
technique.  The  first  identified  issue  is  the 
preservation  of  pulse  fidelity  through  the  magnetic 
coupling  portion  of  the  test  arrangement.  In 
practice,  the  element  that  has  the  largest  impact  on 
the  cable  injection  transfer  function  is  the  injec¬ 
tion  transformer.  The  second  issue  that  has  been 
identified  is  the  high-fidelity  measurement  of  the 
transient.  In  practice,  the  monitoring  probe  (if  it 
is  a  magnetic  field  device)  will  have  the  largest 
impact  on  the  measurement  transfer  function.  The 
overall  transfer  function  would  Include  the  transfer 
functions  of  all  elements  in  the  test  arrangement 
(Fig.  1),  from  the  pulse  generator  to  the  measurement 
instrumentation  (e.g.  oscilloscope,  digitizing 
equipment).  Ideally,  the  injection  transformer  would 
have  a  transfer  function  that  is  independent  of 
frequency,  in  other  words,  a  straight  line  over  the 
entire  frequency  spectrum  (Fig.  2). 

If  the  hysteresis  of  magnetic  materials  is  ignored, 
in  realizable  Injection  transformers  the  linear 
electromagnetic  characteristics  of  the  transformer, 
such  as  inductance,  capacitance,  resistance  which  are 
a  function  of  material  electromagnetic  properties  and 
the  geometries  of  material  arrangements,  will  result 
in  a  trznsfer  function  through  the  device  that  is  not 
ideal  and  which  exhibits  at  least  two  break  points 
(Fig.  3). 

For  the  injection  transformer,  is  proportional  to 
1i  and  v0  is  equal  to  d^/dt  (If  output  feeds  into  an 
open  circuit).  Thus,  fn  will  be  proportional  to 
y^v0dt.  Consequently,  Tn  terms  of  ?p/0i.  the  general 
shape  of  the  frequency  domain  plot  will  be  flat  at 
lower  frequencies  and  exhibit  at  least  two  breaks  as 
frequency  Increases  (Fig.  4). 
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For  cable  injection  tests,  two  types  of  broadband 
pulses  are  identified  in  the  AE4L  committee  report  - 
AE4L-81-2:  1)  double  exponential,  and  2)  damped 

sinusoid,  as  illustrated  in  Fig.  5  and  6. 

The  frequency  spectrum  for  the  double  exponential 
pulse  is  flat  at  lower  frequencies  and  exhibits  two 
breaks  as  frequency  increases.  The  frequency 
spectrum  for  the  damped  sinusoid  pulse  is  flat  at 
lower  frequencies,  exhibits  a  peak  at  the  fundamental 
frequency  (f^g- -resonant  frequency  of  a  relatively 
high  Q  circuit),  and  has  a  slope  of  -40  dB  as 
frequencies  increase  beyond  fpg. 

The  frequency  spectrum  of  the  transient  that  appears 
at  the  output,  of  the  magnetic  coupling  portion  of  the 
test  arrangement  transfer  function  and  at  the  input 
to  the  equipment  interface  under  test  is  obtained  by 
multiplying  the  value  of  the  transfer  function  times 
the  value  of  the  input  spectrum  at  each  frequency 
line  over  the  range  of  significant  frequencies.  The 
corresponding  time  domain  response  is  obtained  by  a 
numeric  Fourier  inversion  (classical  Fourier 
transform  method). 

An  alternate  method,  and  the  one  used  to  obtain  the 
results  reported  in  this  paper  and  shown  in  the 
various  figures  containing  time  domain  plots,  con¬ 
verts  the  frequency  domain  transfer  function  into  its 
corresponding  time  domain  differential  equation. 

Using  the  SCEPTRE  computer  program,  the  differential 
equation  is  then  evaluated  for  both  a  double 
exponential  input  and  a  damped  sinusoid  input. 

The  magnetic  field  pulse  ^--double  exponential  or 
damped  sinusoid— is  developed  in  the  input  of  the 
injection  transformer  by  the  current  flowing  in  its 
primary  windings  due  to  the  energy  stored  in  a  capa¬ 
citor  being  discharged  through  a  path  that  Includes 
the  primary  windings.  The  double  exponential  and  the 
damped  sinusoid  waveform  of  the  current  developed  in 
the  primary  windings  are  the  natural  result  when  the 
discharge  circuit  consists  of  a  simple  series 
connection  of  capacitive,  inductive,  and  resistive 
elements.  The  particular  waveform,  and  thus  the 
corresponding  frequency  spectrum  that  develops,  is 
determined  by  the  values  of  those  elements.  The 
fidelity  of  the  magnetic  field  pulse  developed  in  the 
output  of  the  injection  transformer  can  be  assessed 
as  a  function  of  where  break  frequencies  In  the 
transformer  transfer  function  are  in  relation  to  the 
break  frequencies  in  the  frequency  spectrum  of  the 
input  pulse.  The  effect  of  the  injection  transformer 
break  frequencies  is  Illustrated  from  the  perspective 
of  open-circuit  output  voltage  in  Fig.  8  through  17 
(where  the  computer  plot  v0  Is  labeled  as  VOUT  and  1^ 
is  labeled  as  1). 

It  Is  evident  from  Fig.  8  through  10  that  the 
relationship 

Jvql  -  Idtydtl  .  M|d1,/dt|  • 

(H/Li )  |  d(fi/dt  I  (time  domain  representation) 

achieved  with  an  Ideal  injection  transformer  is 
closely  approximated  in  the  physically  realizable 
device  (In  regards  to  general  waveshape)  when  fL/f r 
or  fL/fRS  10  or  greater.  That  Is,  when  the  lower 
break  frequency  of  the  transfer  function  (fi )  is 
greater  than  the  upper  break  frequency  of  the  input 
spectrum  (fr  or  fp«)  by  a  factor  of  10  or  more,  the 
waveform  of  the  Injection  transformer's  open-circuit 
output  voltage  closely  approximates  the  “classical" 
first  derivative  response  to  the  magnetic  field 


produced  by  lightning.  The  implication  for  injection 
transformers  is  that  they  will  have  to  be  relatively 
high  frequency  devices: 

•  f[_  should  be  100  MHz  or  greater  for  the  10  MHz 
damped  sinusoid  pulse 

a  f|_  should  be  20  MHz  or  greater  for  the  double 
exponential  pulse. 

From  the  classical  first  derivative  response 
perspective,  as  f[_/fr  decreases  below  10,  waveform 
deterioration  (distortion)  is  evident  in  Fig.  11 
through  17  (the  amplitudes  of  the  output  waveforms 
are  a  result  of  normalizing  the  input  waveform's  peak 
amplitude  and  the  transfer  functions'  "ideal"  midband 
gain  to  unity). 

Basically,  both  the  injection  transformer  and  the 
monitoring  probe  for  current  are  the  same  type  of 
magnetic  field  device,  commonly  referred  to  as  a 
current  probe.  Traditionally,  the  characteristics 
(transfer  function)  of  a  current  probe  are  provided 
in  the  form  of  the  frequency  domain  plot  of  Fig.  3. 
However,  the  probe  for  monitoring  current  needs  to 
provide  a  significantly  different  function  than  that 
provided  by  the  injection  transformer.  As  a  result, 
the  relationship  desired  between  the  transfer  func¬ 
tion  break  frequencies  and  the  break  frequencies  of 
the  waveform  spectrum  being  applied  to  the  monitoring 
probe  input  will  be  different  from  those  determined 
for  the  injection  transformer. 

Specifically,  the  monitoring  probe  monitors  the 
waveform  of  the  current  actually  Injected  into  the 
cable.  The  ideal  monitoring  probe  would  have  a 
transfer  function  that  is  independent  of  frequency. 
Also,  Vq  would  be  proportional  to  <p0  rather  than  the 
d$0/dt  relationship  required  for  the  Injection 
transformer  (Fig.  7). 

The  responses  Illustrated  in  Fig.  14  and  15  show  that 
the  v0  waveform  Induced  by  1}  (the  current  flowing 
through  the  monitoring  probe  input)  will  be  a 
reasonably  good  reproduction  of  the  If  waveform  when 
fL/fd<.01  and  fn/fr>10  (double  exponential)  or 
f i /f rs< •  1  and  fL^RS>10  (damped  sinusoid).  That  is, 
when  the  lower  break  frequency  of  the  transfer 
function  (f|_)  is  less  than  the  lower  break  frequency 
of  the  Input  spectrum  (fq  or  fpi,)  by  a  factor  of  10 
or  more,  and  the  upper  break  frequency  of  the  trans¬ 
fer  function  ( f k)  Is  greater  than  the  upper  break 
frequency  of  the  input  spectrum  (fr  or  f rs )  by  a 
factor  of  10  or  more,  the  waveform  of  the  monitoring 
probe's  output  voltage  closely  approximates  the 
monitoring  probe's  input  current.  The  implications 
for  the  monitoring  probe  are: 

•  The  flat  portion  of  the  transfer  function  (the 
portion  between  fi  and  f h)  will  probably  have 
to  extend  over  a  frequency  range  of  104  or 
greate. . 

•  The  lower  break  frequency  will  be  in  the  less 
than  500  Hz  range. 

As  shown  in  Fig.  16  and  17,  a  lag  distortion 
departure  from  the  1j  waveform  is  evident  in  the  v0 
waveform  when  or  fH/fps<l*  As  previously 

observed,  when  considering  injection  transformer 
characteristics,  a  derivative  distortion  departure 
from  the  ii  waveform  (from  a  current  monitoring 
perspective)  is  evident  in  the  v«  waveform  when 
fi/fr>l  or  f L/f rs>10.  If  only  the  preservation  of 
tne  general  shape  of  the  damped  sinusoid  waveform  is 
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desired,  any  of  the  transfer  function  responses  would 
be  acceptable  since  the  reproduction  of  the  general 
features  (fundamental  frequency,  exponential  decay) 
of  the  damped  sinusoid  is  relatively  insensitive  to 
the  effects  of  the  current  monitor's  transfer 
function. 


Ill  -  CONCLUSIONS 

When  physically  realizable  devices  are  used  in  a 
cable  injection  test  arrangement,  especially  where 
classical  results  are  expected  (the  test  arrangement 
is  considered  electrically  short),  care  must  be  taken 
that  the  influence  of  device  characteristics  on  the 
test  results  will  be  insignificant.  An  analysis  that 
considered  the  effects  of  varying  only  the  linear 
properties  of  the  transfer  functions  (break  frequen¬ 
cies)  of  devices  used  as  part  of  arrangements  for 
cable  injection  tests,  demonstrated  the  distinct 
possibility  of  a  significant  effect  on  the  resulting 
waveforms  produced  and  measured  during  a  test  by  the 
specific  characteristics  of  the  transfer  function 
when  the  application  of  the  double  exponential  or 
damped  sinusoid  pulse  waveform  was  involved.  It  was 
also  shown  that  to  preserve  test  Integrity,  injection 
devices  using  field-coupling  isolation  require  the 
use  of  relatively  high  frequency  devices.  Also, 
waveform  monitoring  devices  that  use  field-coupling 
Isolation  need  to  be  relatively  broadband  devices 
where  the  associated  lower  break  frequency  occurs  at 
a  relatively  low  frequency. 

When  considering  cable  Injection  using  field 
coupling,  an  additional  observation  relative  to 
testing  that  specifically  Involves  magnetic  field 
Injection  seems  appropriate.  In  the  AE4L-81-2 
report,  the  voltage  and  current  amplitudes  associated 
with  the  various  levels  defined  in  the  document  are 
those  that  occur  if  the  equipment  Interface  cable  is 
opened  or  shorted.  As  such,  they  are  general  quan¬ 
tities  that  relate  to  a  system's  response  to  a 
lightning/vehicle  Interaction.  They  should  not  be 
interpreted  as  appropriate  for  individual  inputs  per 
se.  However,  because  of  the  electromagnetic 
mechanisms  that  produce  cable  voltages  (magnetic 
field  Induction/cable  resonance),  the  voltage  level 
is  appropriate,  and  represents  a  maximum  level  for 
spe;1f1c  application  to  individual  Inputs  that 
possess  relatively  high  Impedances  (greater  than  IK). 
The  proposed  current  level  should  not  be  interpreted 
as  appropriate  for  Individual  Inputs,  except  possibly 
In  an  extreme  case  where  only  one  input  (loop) 
Impedance  Is  virtually  zero  and  all  others  are 
virtually  open. 

Thus,  cable  current  amplitudes  will  have  to  be 
translated  Into  wire  currents,  using  analysis 
guidelines  that  achieve  a  reasonable  balance  between 
the  design  measures  that  can  be  taken  at  the 
equipment  level  (larger  input  impedances,  larger 
output  devices,  input  protection  devices)  and  design 
measures  that  can  be  taken  at  the  system/ subsystem 
level  (cable  routing/shielding,  shielded  equipment 
bays,  surge  protection  devices).  To  literally  apply 
the  amplitudes  of  current  specified  for  the  cable  to 
each  equipment  input  would  result  in  excessive 
equipment  penalties  involving  price,  size,  weight, 
power  dissipation,  functional  performance,  and 
reliability.  In  the  case  of  the  equipment  input 
circuits  that  interface  with  long  and/or  exposed 
wiring,  it  may  be  necessary  to  specify  levels  higher 
than  those  that  would  be  considered  appropriate  for  a 
baseline.  When  this  is  the  case,  it  would  be  cost 
effective  if  the  choices  for  the  upper  levels  could 


be  from  standardized  levels  (levels  4  and  5  in 
AE4L-81-2,  for  instance). 

Design  objectives  should  be  the  result  of  tradeoffs 
that  optimize  shielding  versus  equipment  hardening 
for  a  particular  subsystem.  The  proposed  waveform 
amplitude  levels  can  then  be  used  to  translate  design 
objectives  into  equipment  hardening  requirements. 

The  amplitude  levels  cannot  be  used  as  a  substitute 
for  the  basic  analysis  effort  necessary  for  the 
subsystem  hardening  decisions  that  result  in  a 
balanced  hardening  approach. 
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Fig.  1 1njection  and  measurement  transfer  functions  comprising  an  arrangement 
for  cable  injection  tests. 
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Fig.  2  Frequency  domain  response  of  an  Injection  transformer  that  has  an  Ideal 
transfer  function  for  |V0/i||  and  |l0/l||. 
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Fig.  3  Frequency  domain  response  of  a  current  probe  l injection  transformer  or 
current  monitor)  in  terms  of  VQ  and  I;. 


Rg.  4  Frequency  domein  response  of  e  current  probe  in  terms  of  end  +j. 


Fig.  5  Frequency  spectrum  of  a  doubie  exponential  pulse  in  terms  of 


Fig.  6  Frequency  spectrum  of  a  damped  cosine  sinusoid  pulse  in  terms  of  ♦(. 


Fig.  7  Frequency  domain  response  of  a  current  monitor  that  has  an  ideal 
transfer  function. 
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Rg.  8  Computer  plot  of  transfer  function  Input  end  output  waveform*  for  a 
double  exponential  with  f|_/f,  «  10  and  <H^r  “  100.  end  damped 
sinusoid  with  »i_/*rs  “  100  end  fn^f  R8  ■  7000.  (Sh.  1  of  2) 
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Fig.  •  Computer  plot  of  transfer  function  input  and  output  waveforms  for  a 
doubts  exponential  with  f|_/fr  -  10 and  f^/ff  “  100,  and  a  damped 
sinusoid  with  f|./fRs  “  100  and  f||/f RS  ■  1000.  (Sh.  2  of  2) 
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Fig.  9  Computer  plot  of  transfer  function  input  and  output  wavaf orms  for  a 
doubia  axponantial  with  f|/fr  =  10andf^/fr  =  10. 
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Fig.  10  Computer  plot  of  transfer  function  input  and  output  wavaforms  for  a 
dampad  sinusoid  with  f^/f r$  s  lOandf^/fRS  *  100. 
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Fig.  14  Computer  plot  of  transfer  function  input  and  output  waveforms  for  a 
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Fig.  16  Computer  piot  of  transfer  function  input  and  output  waveforms  for  a 
double  axponantlai  with  f^/fd  =  .01  and  fy/fr  =  1  and  a  damped 
sinusoid  with  f^/fps  =  .3andf^/fp$  «  3.  (Sh.  2  of  2) 
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Fig.  17  Computer  plot  of  transfer  function  input  and  output  waveforms  for  a 
doubia  sxponantiai  with  f^/f^  -  .01  and  fn/fr  *  -1  end  a  damped 
sinusoid  with  f|./fR$  *  .01  and  fy/tRS  *  *01.  (Sh.  1  of  2) 
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Fig.  17  Computer  plot  of  transfer  function  Input  md  output  waveforms  for  a 
double  exponential  with  f^/fj  -  .01  end  fn/fr  "  -1  end  a  damped 
sinusoid  with  f|./fRS  -  .01  and  Ir/Irs  -  .1.  (Sh.  2  of  2) 
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Abstract  -  A  campaign  devoted  to  lightning  and  convective  clouds  properties  studies  was  held  in  spring  84 
in  South  West  of  France.  Ground  experiments  consisted  in  meteorological  radar  observations  associated 
with  classical  meteorological  measurements.  Airborne  measurements  on  a  Transall  aircraft  consisted  in 
electrostatic  and  electromagnetic  experiences  on  direct  and  nearby  lightning,  microphysical,  thermody¬ 
namical  and  dynamical  studies  of  convective  clouds.  This  paper  describes  the  in-flight  experiments. 


1  -  INTRODUCTION 


ln-flight  measurements  on  direct  and  nearby  light¬ 
ning  had  began  in  France  few  years  ago,  on  board  a 
Transall  C160  aircraft  belonging  to  the  French  Air 
Force  and  flown  by  the  French  Flight  Test  Center 
(CEV).  In  1984,  the  aircraft  instrumentation  was 
Improved  to  allow  a  wider  range  of  investigations 
related  to  thunderstorm  environmental  parameters. 
This  campaign  (LANDES  84)  was  the  first  of  this  kind 
in  France;  it  gathered  in  a  joined  experiment, 
measurements  on  lightning,  atmospheric  electricity, 
microphysic,  thermodynamic  and  dynamic.  The  LANDES 
84  campaign  was  hold  at  the  same  time  that  the 
FRONTS  84  experiment  whose  main  objectives  were 
about  dynamic  and  thermodynamic  of  cold  fronts 
hapennlng  in  the  South  West  part  of  France  during 
spring.  LANDES  and  FRONTS  84  gathered  the  operation 
concerning  the  deep  convection  phenomena  associated 
with  fronts. 

The  experiment  was  supported  by  DRET*-,  DCA^  and 
1NAG  and  many  laboratories  were  Involved  in  it: 
Abidjan  University, 

Centre  d'Essais  A£ronautlque  de  Toulouse  (CEAT) 
Centre  d'Essais  en  vol  (CEV) 

Centre  National  d'Etudes  des  TtlScommunications 
(CNET) 

Centre  de  Recherche  en  Physique  de  l'Envlronnement 
(CRPE) 

Etablissement  d' Etude  et  de  Recherche  Mtttorologlque 
(EERM) 

lnatltut  National  d'Astronoole  et  de  GCophyslque 
(1NAG) 

lnstltut  et  Observatoire  de  Physique  du  Globe  (10PG) 
Laboratoire  d'Alrologle  (LA) 

Laboratoire  Assoclt  de  Mttiorologle  Physique  (LAMP) 
Laboratoire  de  Physique  de  l'Atmosphire  (LPA) 
Laboratoire  de  Sondages  Electromagnf tiques  de 
l'Envlronnement  Terreatre  (LSEET) 

Office  National  d'Etudes  et  de  Reeherchea  Airospa- 
tlales  (ONERA). 


direction  dea  Reeherchea,  Etudes  et  Techniques 
(Ministry  of  Defense) 

^Direction  dea  Constructions  ACronautlquea  (Minis¬ 
try  of  Defense) 


The  aim  of  this  pape'  is  to  describe  shortly  the 
overall  experiment  but  to  give  more  details  on  the 
measurements  made  on  board  the  Transall  aircraft. 
Other  papers  in  this  conference  are  specifically 
devoted  to  results  about  particular  experiments.  We 
describe  here  the  method  of  operations  and  simply 
expose  and  comment  the  general  results  of  the  exper¬ 
iment  . 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

2.1  Technical  and  scientific  objectives 
There  is  a  lack  of  in-flight  data  about  direct 
lightning  on  aircraft.  Those  previously  obtained  on 
the  Transall,  on  the  C130  experienced  by  USAF  and  on 
the  F106  from  NASA  [1-3)  confirm  that  intracloud 
flashes  triggered  or  intercepted  by  an  aircraft, 
have  electrical  properties  quite  different  from 
those  of  cloud-to-ground  flashes  which  were  used  to 
elaborate  star.dart  regulations.  The  french  program 
for  in-flight  studies  of  lightning  alms  on  the  one 
hand  to  obtain  statistical  informations  about  cur¬ 
rent  magnitude  and  waveform  of  direct  lightning  and 
on  the  other  hand  to  study  the  lightning-aircraft 
Interaction  whose  Indirect  effects  like  coupling  by 
dielectric  apertures  or  currents  pattern  on  the 
fuselage  are  of  the  most  significative  importance. 
The  overall  electrical  structure  of  a  convective 
cloud  like  cureulus-congestus  or  cumulo-nimbus  may  be 
equivalent  to  a  vertical  dipolar  or  tripolar  charge, 
as  far  as  we  observe  the  phenomena  from  the  outside; 
the  typical  equivalent  charge  for  a  mid  latitude 
storm  cloud  is  +  40’C  in  the  upper  part,  -40*C  in 
the  lower  fart  and  few  coulombs  positive  charge  at 
the  cloud  base.  In  fact  the  charge  content  and 
repartition  in  the  cloud  is  much  more  complicated 
[4).  The  aim  of  the  on  board  experiment  on  atmos¬ 
pheric  electricity  [5)  is  to  describe  more  precisely 
in  relation  with  mlcrophyeical  and  dynamical  analy¬ 
sis,  the  electrical  structure  of  the  cloud,  the 
mechanisms  of  cloud  electrification,  and  the  influ¬ 
ence  of  these  parameteis  on  lightning  flashes  behav¬ 
iour  and  occurence. 
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We  try  also,  to  look  for  an  eventual  relationship 
between  location  of  striking  of  plane  and  thermo¬ 
dynamical,  dynamical  and  microphysical  structure  of 
cloud  systems  [6].  The  other  objectives  of  micro- 
physical  measurements  are: 

-  Intercalibration  of  airborne  and  radar  measur¬ 
ements  at  ground  in  order  to  use  the  last  one  to 
study  the  temporal  and  spatial  evolution  of  the 
cloud  mlcrostructure; 

-  check  in  high  ice  crystal  concentration  at  low 
levels  (-5°,  -10°)  in  some  cumulus  clouds; 

-  investigation  of  the  efficiency  of  the  feeder 
seeder  mechanisms  between  clouds  at  different 
levels  on  the  precipitation  genesis. 

2.2  FRONTS  84  network  [7] 

The  dynamical  and  thermodynamical  characteristics  of 
cold  fronts  and  associated  convective  clouds  were 
basically  studied  with  a  ground  network  of  meteoro¬ 
logical  radars.  A  set  of  two  doppler  radars,  the 
RONSARD  system,  separated  by  a  distance  of  30  km, 
performed  simultaneous  coplan  exploration 
(wavelength  5  cm).  Data  processing  delivers 
reflectivity  and  the  three  dimensional  field  of  wind 
velocity.  A  10  cm  radar  performed  exploration  of  the 
clouds  with  a  cross  polarization  system;  with  data 
delivered  by  this  device  one's  may  calculate  the 
absolute  and  differential  reflectivity.  This  last 
parameter  contains  informations  on  the  phase  of 
precipitations  (solid  or  liquid)  and  on  the 
deformation  of  hydrometeores  (crystal  of  ice  or 
liquid  water  drop). 

A  8  mm  wavelength  doppler  radar  detects  smaller 
cloud  particles.  A  60  m  stratospheric  radar,  per¬ 
forming  vertical  soundings  of  clear  air,  gives 
informations  on  vertical  wind  profll,  up  to  the 
tropopause. 

Several  10  cm  radars,  belonging  to  official  survey 
systems,  for  aeronautical  and  general  forcast  were 
available  at  the  time  of  the  experiment. 

Those  radar  experiments  were  supported  by  ground 
meteorological  measurements  (rain,  temperature, 
wind,  humidity  and  thermal  flux)  and  classical 
serological  soundings  performed  at  several  points  at 
high  rate  during  storms  occurence  (one  each  two 
hours).  Stratiform  ano  weak  convective  clouds  were 
explored  by  a  Piper  Aztec  aircraft  equipped  with 
thermodynamical  and  microphysical  sensors. 
Electrostatic  and  electromagnetic  measurements  at 
ground  were  installed  near  the  middle  of  the  aera 
observed  by  radars.  The  VHF  radiation  sources  due  to 
natural  lightning  are  localized  and  analysed  on  a 
time  scale  less  or  egal  to  one  microsecond  (8}. 
Figure  1  shows  the  arrangement  of  the  overall 
network. 

2.3  Transall  aircraft  implementation 

Basic  modifications  of  the  aircraft  -  The  aircraft 
has  been  modified  for  different  purposes,  including 
lightning  or  atmospheric  study  so  it  became  a  poly¬ 
valent  test  bed,  like  the  LOCKHEED  HTTB  (High  Tech¬ 
nology  Test  Bed)  C130. 

To  achieve  this,  an  Important  hardware  modification 
program  necessitated  several  months  groundings,  in 
order  to  install: 

-  an  electrical  power  station  providing 

-  6  kVA  in  220  V/50  Hz, 

-  40  kVA  in  115  V/400  Hz, 

-  4  kW  in  28  V-DC; 

-  a  general  protection  and  distribution  box  for 
electrical  equipment; 


-  500  different  electrical  wires  and  cables  all  over 
the  aircraft  for  sensors  connection,  power  and 
parameters  distributions; 

-  two  polyvalent  pods  equipped  with  all  types  of 
electrical  distribution  and  connection  circuits; 

-  different  sensor  mountings  or  housings  along  the 
skin  of  the  aircraft  and  the  wings; 

-  extra  antennas; 

-  extra  NAV-COM  facilities; 

-  safety  devices. 

Performances  of  the  aircraft  -  The  C160  is  a  german- 
french  cargo  aircraft  whose  span  and  length  are 
approx.  40  m  (which  are  about  the  Hercules  C130 
dimensions).  The  aircraft  is  propulsed  by  two  Rolls 
Royce  Tyne  turbo  props.  Its  speed  with  no  flap  in 
turbulence  may  varies  from  70  to  120  m/s.  Its  range 
is  between  four  and  eight  hours,  depending  on  the 
cargo.  The  Transall  is  certificated  for  high  levels 
of  turbulence. 

All  classical  measurements  are  performed,  on  board, 
to  determine  the  flight  conditions:  velocity,  static 
and  dynamic  pressure,  incidence,  side  slip,  three 
axis  accelerometer,  total  temperature. 

The  absolute  aircraft  position  regarding  ground  net¬ 
work  is  determined  by  use  of  an  Inertial  navigation 
plateform,  classical  radionavigation  system  and  a 
ground  air  location  system  which  has  a  precision  of 
ten  meters.  Ground  speed  and  horizontal  wind 
component  are  also  delivered  by  an  on  board  doppler 
radar. 

Two  video  screen  of  a  3  cm  weather-radar  are  avail¬ 
able:  one  is  recorded  during  the  flight  and  the 
other  is  in  the  cockpit. 

Measurements  on  direct  and  nearby  lightning  -  High 
level  electromagnetic  signals  due  to  direct  or  near¬ 
by  lightning  are  measured  in  several  places  of  the 
aircraft  and  transmitted  by  wide  bandwidth  optic 
fiber  links  (typical  up  to  100  MHz)  to  on  acqui¬ 
sition  unit  which  is  a  high  performance  Faraday 
cage. 

A  lightning  rod  is  Installed  under  the  nose  and  at 
the  tail  of  the  aircraft.  Rods  are  equipped  with 
coaxial  resistive  shunt  with  a  100  MHz  bandwidth  and 
a  resistance  of  1  mil.  Skin  currents  are  measured  on 
several  points  of  the  fuselage  to  study  current 
pattern  during  direct  lightning  strike. 

Electric  and  magnetic  sensors  are  installed  inside 
or  along  the  wing  and  in  the  fuselage  to  determine 
the  electromagnetic  field  produce  by  the  strikes. 

A  specific  experiment  (see  Fig.  2)  about  coupling  by 
dielectric  aperture  is  installed  near  the  right  side 
fuselage  window  [9];  it  is  made  of  E  and  H  sensors 
with  respective  full  range  of  300  kV/m  and  840  A/m. 
Signals  are  recorded  on  transient  digitizers 
(Tektronix  7612  and  7912)  and  on  wide-band  analog 
recorders  (10  and  2  MHz  bandwidth).  A  synchroniz¬ 
ation  between  the  two  recording  process  allows  to 
determine  in  what  period  of  a  flash  a  transient 
signal  happens. 

Atmospheric  electricity  -  Local  elecrical  parameters 
measured  on  the  aircraft  are  gazeous  ions  character¬ 
istics,  drop  charges  [10]  and  trlboelectrlc  cur¬ 
rent. 

Ions  conductivity  is  measured  by  three  gerdien  type 
sensors;  they  consist  in  a  cylindrical  capacitor  in 
which  an  unperturbated  air  flow  is  organized. 

The  ions  are  deviated  towards  a  collecting  electrode 
by  the  electric  field  produced  by  a  biased  electrode 
(Fig.  3).  The  biased  voltage  is  manually  adjustable 
for  one  sensor,  automatically  applied  by  steps  for 
an  other  one,  and  adjustable  with  plus  and  minus 
polarity  for  the  last  one.  The  sensors  are  installed 
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on  the  profiled  pod  under  the  extremity  of  the  wings 
(Figs.  4  and  5);  It  Is  expected  that  at  this  place, 
there  are  no  perturbations  due  to  propellers.  The 
minimum  ionic  current  detected  is  about  1  pA,  the 
measuring  range  being  +  1  nA. 

Charge  of  drops  or  ice  crystals  are  sampled  by  a 
Faraday  cylinder;  corresponding  bipolar  current 
pulses  are  individually  and  automatically  analyzed 
to  obtain  histograms  of  charge  versus  time.  Data 
acquisition  method  is  similar  to  this  used  for 
microphysical  data,  so  the  results  of  the  two 
measurements  may  be  easily  compared.  Fifteen  class 
of  values  of  both  sign  are  linearly  extended  from 
about  10'12  to  10-10C. 

The  trlboelectric  current  is  detected  on  three 
points  on  the  aircraft.  Two  identical  sensors  (Fig. 
4)  are  installed  on  the  leading  edge  of  each  instru¬ 
mented  pod:  they  consist  in  a  metallic  isolated 
sheet,  connected  to  a  current  amplifier.  The  front 
section  of  the  two  sheets  is  about  8. 10“ 2  m2,  and 
the  measuring  range  is  +  50  jiA.  The  third  sensor  is 
made  of  a  frontal  windscreen  panel,  coated  with  a 
transparent  conducting  material,  and  connected  to  a 
current  amplifier  (measuring  range  +  50  jjA).  None  of 
the  three  sensors  are  supposed  to  be  influence  by 
the  propellers.  The  current  they  collect  is  due  to 
trlboelectric  effects  and  to  impact  of  charged 
particules.  The  three  measurements  cannot  be  easily 
related  to  the  actual  total  input  current  on  the 
aircraft  but  they  can  be  qualitatively  associated 
with  other  electrical  or  microphysical  parameters. 
Global  electrical  activity  is  characterized  by  the 
atmospheric  electrostatic  field.  This  parameter  is 
produced  by  the  electrical  charges  separated  in  the 
clouds. 

The  horizontal  and  vertical  components  of  the  field, 
as  well  as  the  aircraft  potential,  are  determined  by 
calculations  from  five  independent  electrostatic 
field  measurements  made  on  the  aircraft  fuselage. 
The  relation  between  the  field  at  a  measuring  point 
and  the  potential  and  outside  field,  is  initially 
determined  by  electrostatic  measurements  on  a 
conductive  mock  up  of  the  aircraft.  Each  sensor  is 
of  the  field  mill  type,  with  a  bandwidth  of  0  to  20 
Hz  and  a  measuring  range  of  +  100  kV/m  (see  Fig. 
3). 

Field  magnitude  and  direction  are  compared  to  storm 
call  location  deduced  from  the  various  radar 
measurements  which  give  reflectivity  and  wind  vel¬ 
ocity  pattern  and  to  local  microphysical  and  elec¬ 
trical  measurements. 

Potential  value  is  compared  to  local  events  and 
parameters,  as  direct  l.ghtnlng  or  trlboelectric 
current. 

The  low  frequency  current  emitted  by  passive  dis¬ 
charges  Installed  on  w,ng  trailing  edges  and  in 
other  high  electrostatic  field  places  of  the  air¬ 
craft  are  recorded. 

Cloud  physlca  instrumentation  -  The  available  cloud 
phyalca  instrumentation  is  summarized  in  figure  6. 
HicrophysicaJ_  j>robes.  This  instrumentation  and 
mounting  location  are  as  follow: 

-  three  PMS4  ID  probes  which  measure  the  particle 
spectra  with  diameter  ranges:  3-45  urn  (FSSP), 
80300  |ui  (1D-C),  300-4500  pa  (1D-P), 

-  Two  PMS  2D  probes  which  give  the  images  of  par¬ 
ticles  with  dimension  ranging  from  25  to  800  urn 
(2D-C)  and  from  200  to  6400  £im  (2D-P), 

-  two  hot-wire  liquid  water  content  devices 

(Johnson-Uilliams  and  King  probe). 

These  probes  were  mounted  on  the  two  pods  located 
under  the  wings  (see  Figs.  4  and  5); 


-  a  total  water  content  probe  and  a  second  Johnson- 
Williams  probes  mounted  on  the  airplane  flank  in 
front  of  the  wing. 

Thermodynamical^  probes.  This  instrumentation  pro¬ 
vides  three  total  temperature  measurements  (de-iced 
Rosemount,  non  de-iced  Rosemount  and  Reverse  Flow), 
a  dew-point  temperature  (Cambridge)  and  static  and 
dynamic  pressures. 

The  total  temperature  probes  are  located  on  the  left 
pod  (Fig.  5). 

Dynamica_l  and^  loca l_i za t_i on_d ev_i c£s .  A  doppler  radar, 
an- inertial  plateform  and  three  accelerometers  pro¬ 
vide  the  dynamical  and  navigational  parameters  (Fig. 
6).  The  navigational  parameters  are  complemented  by 
a  localization  system  working  from  ground  based 
radio-beacons. 

Cells  location.  The  screen  of  the  on  board  3  cm  PPI 
"raVar  is  video  recorded  to  obtained  the  position  of 
the  aircraft  regarding  the  storm  cel]. 

Recording  systems.  The  Transall  was  equipped  with 
various  and  sophisticated  acquisition  systems.  We 
have  on  the  one  hand  systems  protected  during 
flashes  by  the  Faraday  cage  and  on  the  other  hand 
those  simply  installed  in  the  crrgo  without  special 
shielding  precaution. 

Unprotected  tc.2uJ_si_t_iot  system .  All  the  micro¬ 
physical,  thermodynamical,  dynamical,  and  low  fre¬ 
quency  electrical  parameters  are  processed  by  an  on 
board  computer  (HP-A  900)  which  continously  dumps 
the  data  on  magnetic  tape  (two  1600  BPi  magnetic 
tape,  recorders  run  "Flip  Flop")  and  give  a  real 
time  visualization  of  measurements  on  two  console 
devices.  The  maximum  sample  rate  used  is  128  words/s 
for  one  parameter  and  a  total  of  70  parameters  are 
recorded.  A  third  1600  Bpi  mag-tape  recorder  is 
devoted  to  the  acquisition  of  the  2D  microphysical 
parameters  which  run  as  fast  as  105  bytes/s. 

A  serial  PCM  signal  including  electrical  and  general 
information  parameters  is  recorded  on  a  14  channels 
analog  recorder. 

Medium  bandwidth  electromagnetlcal  and  electrical 
signala  are  recorded  on  a  0-2  MHz,  28  channela 
analog  recorder. 

£rpt£Cte£  ac<jui.ajUion  system .  A  double  skin  HF 
shelter  (Faraday  cage)  was  especially  designed, 
manufactured  and  equipped  for  these  types  of  tests. 
The  "box"  was  made  of  walls  comprising  a  balsa  core 
included  between  two  aluminium  alloy  sheets. 

The  double  skins  were  really  isolated,  but  connected 
in  a  unique  point.  One  door  and  one  gridded  window 
allowed  communication  between  outside  and  inside, 
and  all  seals  were  of  the  HF  type.  The  electrical 
power  was  introduced  through  a  "broken  circuit" 
transformer  (400  Hz,  10  kVA).  Inside  the  shelter, 
rectifiers  and  50  Hz  inverters  produced  the  adequate 
electricity,  in  conjunction  with  dry  batteries. 

All  the  parameters  or  remote  central  transmiasion 
llnea  were  fiber  optics  and  went  through  the  walls 
via  special  HF  "organ  pipe"  tubea. 

Inside  the  shelter  were  six  magnetoscopes  used  as 
single  parameter  analog  recorders  (3  and  10  MHz 
bandwidth),  two  14  channels  data  recordeis,  two 
digital  analyzers  (Tektronix  7612  and  7912)  and  a 
basic  clock. 


*PMS:  Particle  Measuring  System,  Boulder,  Co,  USA 
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3.  GENERAL  RESULTS 

3.1  -  Survey  on  the  Transall  activities  during 

the  campaign 

The  meteorological  situations  in  which,  basically, 
we  were  expected  to  fly  were  deep  convections  as¬ 
sociated  or  not  with  cold  fronts.  From  may  to  begin¬ 
ning  of  July  we  have  had  twenty  four  situations  to 
study  and  eleven  of  them  happened  near  the  ground 
radar  system.  Flight  objectives  were  devoted  either 
to  lightning  studies  in  storm  either  to  micro¬ 
physical  studies  ir  low  convective  or  stratiform 
clouds  or  to  both  objectives  in  coordinate  flights. 
The  basic  crew  for  this  campaign  was  2  pilots,  2 
mechanical  engineers,  2  system  engineers  and  3 
scientists. 

The  lightning  strike  studies  flight  consisted  in 
cells  penetration  from  -  10°C  to  0°C,  the  trajectory 
of  the  aircraft  beeing  chosen  by  the  pilots,  regard¬ 
ing  on  board  radar  informations,  to  avoid  the  most 
dangerous  hail  regions. 

The  mlcrophyslcal  and  dynamical  studies  flight 
consisted  in  trajectories  adapted  to  each  type  of 
clouds . 

The  coordinated  flights  consisted  in  organized 
patterns  in  cumulonimbus,  typically  beginning  by  a 
tail  wind  penetration  at  low  temperature  (-20°  to  - 
10°C)  and  horizontal  explorations  each  5°C  (Fig.  7). 
A  medium  scale  cell,  about  10  km  wide  was  explored, 
that  way,  within  less  than  20  minutes. 

3.2  -  Occurence  of  lightning 

The  explorations  of  clouds  were  limited  by  the 
flight  range  of  the  aircraft.  Attempts  of  pen¬ 
etration  were  made  at  several  levels,  depending  of 
the  clouds  characteristics,  at  temperature  between  - 
20°  and  0°C.  Direct  and  close  nearby  lightnings  were 
observed  during  the  campaign.  More  than  20  direct 
flashes  were  obtained  inside  7  different  storms. 
Figure  8  is  video  picture  of  flashes  sweeping  on  the 
front  rod  and  from  one  wing  to  the  other.  Micro¬ 
physical  properties  of  the  medium  where  flashes  were 
observed  are  described  in  an  other  paper  (6). 

3.3  -  Example  of  availabled  data 
Electromagnetic  measurements  -  Fast  pulses  produced 
by  a  direct  lightning  are  represented  on  figure  9 
together  with  the  slow  electric  field  indicated  by  a 
field  mill;  those  signals  are  analyzed  in  [9]. 
Electrical  and  atmospherical  measurements  -  We  pre¬ 
sent  on  figures  10  and  11  an  example  of  a  measuring 
sequence,  in  order  to  emphasize  the  kind  of  investi¬ 
gations  permitted  by  those  experiments.  Figure  10  is 
the  cell  reflectivity  in  dBZ,  in  a  plane  containing 
the  two  radars  of  the  RONSARD  system  and  the  air¬ 
craft  trajectory  indicated  by  the  curve  A-B  and 
corresponding  to  2  minutes  of  flight  (about  12  km). 
During  that  sequence,  the  aircraft  leaves  a  high 
reflectivity  core  underneath,  and  has  a  medium 
reflectivity  cell  on  its  right.  The  atmospheric 
field  values  are  somewhat  relevant  with  radar  infor¬ 
mations  (Fig.  11):  when  the  aircraft  enters  the 
higher  reflectivity  portion  of  its  trajectory  the 
longitudinal  component  became  lower  and  the  trans¬ 
versal  one  higher  pointing  toward  the  core  of  the 
cell.  The  radar  reflectivity  give  a  representation 
of  the  geometry  of  the  cell,  which  actual  symetry  is 
Indicated  by  its  dynamical  structure. 

Aircraft  electrical  potential  is  closely  related  to 
Impact  current  and  cloud  particles  concentrations  as 
can  be  seen  on  figure  11. 


CONCLUSIONS 

For  the  first  time  in  France,  a  sophisticated  ground 
and  in-flight  experiments  about  thunderstorm  en¬ 
vironmental  studies,  was  held  in  South  West  of 
France  during  spring  and  beginning  of  summer  1984. 
All  the  data  about  lightning,  static  electricity, 
microphysic,  thermodynamic  and  dynamic  are  still 
under  analysis.  But,  at  that  time,  we  can  say  that 
the  Transall  aircraft,  with  its  measuring  equip¬ 
ments,  is  well  adapted  to  elecrical  and  micro¬ 
physical  experiments  into  deep  convective  clouds; 
this  is  mainly  due  to  its  range,  volume,  safety  and 
typical  speed  of  100  m/s. 

The  results  of  the  84  campaign  indicate  also  that  a 
successfull  experiment  on  lightning  may  be  conducted 
in  France  even  if  the  occurence  of  storms  is  poor, 
in  spite  of  the  fact  that  simultaneous  events  in 
flight  and  at  ground  have  a  small  probability  to 
occur  when  the  measuring  range  is  small  (inferior  to 
30  Km). 
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Wing  to  wing  flash 
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LOCATION  OF  LIGHTNING  STROKES  ON  AIRCRAFT  IN  STORM  FIELD  WITH  MEASURED  ELECTRICAL, 
MICROPHYSICAL  AND  DYNAMICAL  PROPERTIES 


J.F.  Gayet,  C.  Duroure,  R.G.  Soulage  and  P.  Laroche* 

LAMP ,  University  of  Clermont  II,  Franae 
*CHERA,  France 

Abstract  -  This  paper  will  show  the  results  of  microphysical,  dynamical  and  electrical  measurements  of  the 
characteristics  of  clouds  when  the  Transall  04  plane  was  struck  by  lightnings  during  the  Landes-Fronts 
1984  experiment  above  described  by  P.  Laroche  et  al.  The  measurements  were  carried  out  during  cloud 
penetrations  between  +  3  and  -  20°C.  They  concern  the  size  spectrum  of  cloud  droplets  and  drops  between 
3  ym  and  4500  ym,  the  size  spectrum  and  feature  of  ice  crystals  between  50  ym  and  6500  ym,  the  liquid 
water  content  of  cloud,  its  vertical  velocity.  The  results  show  that  the  striking  of  the  plane  occured 
in  preferential  regions  and  stage  of  growth  of  the  clouds. 


Only  a  few  studies  have  been  carried  out  on  the  loca¬ 
tion  of  lightning  strokes  on  an  aircraft  in  storms 
(Mazur  et  al.,  1984  ;  Kuhlman  et  al.,  1984). 

Tnis  location  depends  upon  the  space  and  time  distri¬ 
bution  of  natural  lightnings  in  a  cumulonimbus  and  the 
part  played  by  the  plane  by  triggering  special  strokes. 

One  objective  of  the  Landes-Fronts  experiment  above 
described  by  Laroche  et  al.  (1985)  was  to  investigate 
the  preferential  period  and  regions  in  the  life  of  a 
thundercloud  for  lightning  strokes  on  an  aircraft  and 
to  determine  the  electrical,  microphysical  and  dyna¬ 
mical  cloud  properties  in  these  periods  „nd  regions. 

The  process  that  we  intended  to  use  consisted  in  : 

-  drawing  the  flight  path  of  the  Transall  plan  given 
by  an  inertial  platform  and/or  a  tracking  radar 
(Mistral  radar)  ; 

-  marking  the  location  of  the  lightning  strokes, 
taking  into  account  only  the  strokes  on  the  boom  or 
the  wings  of  the  plane  seen  by  video  cameras  in  order 
to  consider  only  lightning  strokes  on  the  plane  and 
not  lightning  at  variable  distances  of  the  plane  ; 

-  drawing  the  echoes  of  the  clcud  field  given  by  the 
onboard  3  cm  radar  ; 

-  comparing  these  echoes  to  the  pictures  of  clouds 
taken  from  the  aircraft  or  from  the  ground  ; 

-  displaying  the  time  variation  of  the  following 
parameters  along  the  flight  path  of  the  aircraft 
before  and  after  the  lightning  stroke  : 

.  thermodynamical  and  dynamical  parameters  (tempera¬ 
ture,  pressure,  vertical  velocity  of  the  air,  the 
last  one  giving  the  activity  of  the  cloud  and 
being  evaluated  by  integrating  the  vertical 
acceleration  with  a  correction  of  roll  and  pitch 
angles)  ; 

.  electrical  parameters  (potential  of  the  plane, 
horizontal  and  vertical  components  of  the  electric 
field  which  can  give  the  direction  of  the  charged 
regions  ;  the  accuracy  can  be  about  20  Z  for  the 
vertical  component,  much  less  for  the  horizontal 
components)  ; 

.  microphysical  parameters  (size  spectrum  of  cloud 
droplets  and  ice  crystals,  feature  of  ice  crystals 
given  by  PMS  probes  (FSSP,  1D-C,  1D-P,  2D-C,  2D-P) , 
liquid  water  content  given  by  Johnson-Williams 
probe.  These  last  parameters  are  usable  to  explain 
the  lightning  strokes  only  if  the  electric  field 
and  the  lightning  is  horizontal  and  parallel  to 


the  flight  path.  In  the  case  of  a  vertical  field  and 
lightning,  they  have  to  be  extrapolated  to  have  an 
idea  of  the  microphysical  properties  of  the  below  and 
above  regions  containing  the  electrical  charge  respon¬ 
sible  for  the  electric  field  and  the  lightning.  In  the 
case  of  a  cloud  system  stationary  during  several  hours, 
with  the  same  kind  of  cumulonimbus  repeating,  measure¬ 
ments  carried  out  in  different  times,  levels  and  loca¬ 
tions  at  different  stages  of  the  evolution  of  the 
clouds,  permit  to  qualitatively  reconstruct  the  micro¬ 
physical  field.  In  the  other  cases,  the  microphysical 
measurements  on  the  plane  are  not  easily  usable. 

Besides  these  onboard  measurements,  we  have  at  our 
disposal  in  some  cases  and  intend  to  use  in  the  future 
in  order  to  situate  the  lightning  stroke  on  the  plane, 
in  the  cloud  system,  at  a  large  scale  : 

-  the  field  of  reflectivity  of  the  cloud  system  given 
by  radars  at  the  ground  (Melodi  10  cm  ladar,  Ronsard 

5  cm  doppler  radars,  Rodin  5  cm  radars,  Rabelais  0.8  cm 
radar).  These  dat  i  are  specially  important  to  follow 
the  time  evolution  of  the  clouds  and  to  extrapolate 
or  interpolate  the  aircraft  measurements  ; 

-  the  field  of  rain  at  the  ground. 

The  campaign  of  measurements  was  carried  out  in  June 
1984.  All  data  are  not  yet  processed.  So  we  describe 
hereafter  only  two  cases  of  aircraft  cloud  penetrations 
to  show  the  difficulty  of  the  problem  and  to  give  a 
partial  and  preliminary  answer  for  it. 

The  first  case  concerns  a  small  cloud  system  formed 
by  3  adjacent  cells  labelled  A,  B,  C  that  Transall 
plane  has  penetrated  along  19  km  at  3500  m  (MSL)  with 
an  air  temperature  of  -  10°C  (Fig.  1).  These  3  cells 
(the  boundary  of  which  are  not  perfectly  defined  and 
a  little  arbitrary)  and  their  microphysical,  dynamical 
and  electrical  properties  are  revealed  by  the  Figure  2 
which  displays  the  time  variation  of  a  part  of  the 
parameters  measured  frem  the  plane.  They  correspond, 
at  3  stages  of  evolution  of  cumulonimbus  previously 
described  by  Gayet  (1979).  The  cell  A  is  in  a  dissipa¬ 
ting  stage  with  a  vertical  velocity  of  air  very  weak, 
no  small  droplets,  except  in  the  zone  of  mixing  with 
the  cell  B,  ice  crystal  agglomerates  (Fig.  3),  the 
concentration  of  which  reaches  3  l-*  and  the  size 
3  mm.  An  electrical  field  vertical  and  downward  is 
observed  along  5  km  due  to  a  vertical  dipole  with 
positive  charges  upward  in  agreement  with  microphysical 
observations . 

The  cell  B  is  in  a  mature  stage  with  not  negligible 
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vertical  motions  (updraft  of  about  5ms  bordered 
by  2  downdrafts),  small  droplets  (about  500  cm'3) 
bearing  a  liquid  water  content  of  about  2.0  g  m-  , 
ice  crystals  (columns  (Fig.  4-a)  and  graupels  (Fig. 

4-b)  with  a  maximum  diameter  of  about  10  mm). 

Tne  electric  potential  of  the  plane  is  high.  The 
vertical  component  of  the  electric  field  is  weaker 
than  in  the  cell  A.  Its  fluctuations  are  in  agreement 
with  a  mature  cell.  The  horizontal  components  along 
the  flight  path  oscillates  and  increases  on  the 
boundary  between  the  cells  B  and  C. 

The  cell  C  is  a  young  cell  with  and  updraft  of  10  ms  *, 
small  droplets  (500  cm-3)  bearing  a  liquid  water 
content  of  2.0  g  m~3  without  or  with  only  a  few  ice 
crystals  in  a  small  region,  no  electric  potential  of 
plane . 

In  this  first  case,  we  observe  that  the  plane  was 
stroken  by  lightning  on  the  boundary  between  the  cells 
B  and  A  that  is  to  say  between  two  active  cells  on 
of  them  containing  ice  crystals  and  with  an  horizontal 
electric  field  between  the  two  cells.  We  note  that 
the  electric  potential  decreases  and  becomes  equal  to 
zero  just  before  the  lightning, when  the  plane  passes 
from  a  cell  with  many  ice  crystals  to  a  cell  with 
mainly  cloud  droplets. 

The  second  case  is  the  one  of  a  more  isolated  cell  B 
growing  beside  the  skeleton  of  an  older  cloud.  The 
Transall  plane  penetrates  at  -  15°C/3500  m  MSL  level 
(F’g-  5)  firstly  the  precipitation  of  this  old  cloud 
characterized  (Fig.  6)  by  big  particles,  then  the 
growing  cell  A  characterized  by  upward  vertical 
velocity  (5  to  10  m  s~'),  small  droplets  (200  cm-^) 
bearing  a  liquid  water  content  of  0.2  to  1  g  m'3  and 
ice  crystals  (columns  of  500  pm)  with  a  concentration 
of  500  l'1  and  agglomerates  (maximum  diameter  of  5  mm), 
a  potential  of  the  plane  of-1000  kV  which  becomes 
positive  during  the  lightning  stroke,  an  electrical 
field  variable  but  rather  vertical.  In  this  second 
case  the  plane  was  stroken  by  lightning  almost  in  the 
middle  of  the  cell. 

CONCLUSION 

From  the  study  of  the  two  above  cases  and  a  very  fast 
review  of  the  other  cases  that  we  have  observed,  with 
or  without  lightning  stroke  on  the  aircraft,  we  cannot 
evidently  conclude  for  the  moment. 

The  cases  of  lightning  on  the  aircraft  seem  various. 
However,  it  appears  that  one  find  in  the  most  part  of 
the  cases  some  identical  characteristics  : 

-  an  activity  of  the  cloud  (that  is  to  say  vertical 
velocity) , 

-  large  ice  crystals  (graupels,  agglomerates), 

-  discontinuities  between  p  ts  of  clouds  with  different 
microphysical,  electrical  and  dynamical  properties. 

The  plane  seems  to  have  been  stroken  by  lightning, 
neither  in  very  your.g  cells,  nor  in  very  old  dying 
cells,  but  in,  near  or  between  mature  and  yet  active 
cells. 

These  results  are  in  good  agreement  with  the  idea 
of  Moore  and  Vonnegut  (1977),  Lhermitte  (1978). 

Their  merit  is  to  bring  qualitative  and  sometimes 
quantitative  simultaneous  measurements  of  electrical, 
microphysical  and  dynamical  parameters  to  support 
them,  but  they  must  be  completed  by  additional  inves¬ 
tigations.  These  investigations  are  going  on  ;  they 
concern  mainly  the  relationship  between  the  oicrophy- 
sical  and  dynamical  phenomena  and  the  electrical  phe¬ 
nomena.  We  hope  to  be  able  to  present  their  resultB 
for  the  conference. 
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Figure  I  :  Field  of  cloud  echoes  detected  by  the 
onboard  meteorological  radar  and  aircraft  flight  path 
given  by  the  inertial  platform.  The  trajectory  portion 
represented  by  a  thick  line  corresponds  to  the  cloud 
limits  detected  by  the  microphysical  probes.  Dotted, 
hatched  and  darked  portion  represent  the  cells  A,  B 
and  C  respectively  (see  text),  ft  symbol  indicates 
the  location  of  aircraft  lightning  strike. 
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Figure  3  :  Typical  ice  crystal  agglomerate  recorded 
by  the  2D-P  probe  in  the  cell  A.  The  distance  between 
the  horizontal  lines  is  64C0  pm  and  the  resolution  is 
200  pm.  The  vertical  lines  between  images  are  time 
bars  which  give  in  a  binary  code  the  time  during 
which  the  probe  was  not  recording  because  no  image 
was  present. 


Figure  2  :  Time  variation  along  the  flight  track  of 
the  microphysical,  dynamical  and  electrical  parameters 
during  the  cloud  penetration  at  -  IO'C/3300  m  MSL 
level.  From  the  top  to  the  bottom  : 

.  CID-P  :  concentration  (l-1)  of  particles  ranging 
from  300  to  4300  pm  size  ; 

.  CID-C  :  concentration  (l-1)  of  particles  ranging 
from  60  to  300  Pm  size  ; 

.  CC  :  concentration  (cm'-*)  of  supercooled  cloud 
droplets  ranging  from  3  to  S5  pm  diameter  I 

.  LWC  :  liquid  water  contenc  (g  m-^)  ; 

.  WA  •  vertical  air  velocity  (m  s-1)  ; 

.  VA  :  electrical  potential  of  the  aircraft  (kV)  ; 

.  Ex,  Ey,  E z  '  components  of  the  electrical  field 
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IN-FLIGHT  ELECTRICAL  CONDUCTIVITY  MEASUREMENTS 


P.  Gondot  and  A.  Delannoy 

Office  National  d'Etudes  et  de  Recherche8  Aerospatia les,  B.P.  72,  92322  Chatillon  Cedex,  France 

Abstract  -  The  electrical  behaviour  of  a  convective  cloud  is  related  to  global  parameters  as  the  atmos¬ 
pheric  electric  field  and  to  local  phenomena  as  the  electrical  charge  of  drops  and  droplets  and  the  elec¬ 
tric  Ionic  conductivity.  Conductivity  around  and  inside  clouds  is  not  for  the  moment  a  well-known  par¬ 
ameter  but  it  plays  an  Important  role  specially  In  the  screening  layers  arrangment. 

At  the  ONERA,  sensors  of  conductivity  of  the  Gerdlen  type  were  designed,  to  he  installed  on  a  Transall 
aircraft  involved  in  a  measuring  campaign  concerning  thundercloud  and  lightning  flashes  studies.  This 
campaign  was  held  in  South  Uest  of  France  during  spring  84. 

Three  different  sensors  were  used  for  the  in-flight  experiment: 

a  -  a  first  cell  of  conductivity  with  an  automatic  bias  device  for  conductivity,  Ionic  density  and 
mobility  measurements, 

b  -  a  high  voltage  bias  cell  with  a  multi  receiving  electrode  for  the  fast  analysis  of  the  cloud 
transition  zones, 

c  -  an  adjustable  bipolar  high  voltage  bias. 

We  present  in  this  paper  typical  sequences  obtained  during  the  experimental  campaign,  and  we  discuss  the 
main  results  corresponding  to  electrical  conductivity  measurements. 


I  -  INTRODUCTION 

Electrical  conductivity  still  remains  one  of  the 
least  understood  factors  in  storm  activity.  The  only 
experimental  results  available  date  from  1972  (Rust 
and  Moore,  1974).  The  role  of  electrical 
conductivity  In  storm  clouds  is  still  a  subject  of 
controversy.  Inside  a  cumulonimbus,  electrical 
conductivity  characterizes  the  capacity  of  the 
atmosphere  to  sustend  an  increase  In  electrical 
charge;  electrical  conductivity  Is  a  therefore 
important  parameter  in  electrification. 

The  difference  of  values  between  clear  air 
conductivity  and  conductivity  along  the  surface  of  a 
thundercloud  Is  at  the  orlglne  of  screening  layers 
and  is  responsible  for  their  growth. 

The  presence  of  screening  layers  has  not  yet  been 
clearly  established  experimentally  but  Is  indicated 
by  certain  F.  field  measurements  as  those  by 
Marshall  et  al  (1974). 

For  the  LANDES-FRONTS  84  experiment,  ONERA  developed 
new  types  of  sensors  at  ONERA  to  measure  electrical 
conductivity  In  thunderclouds.  Vie  present  here  a 
brief  description  of  the  measuring  principle  of  the 
devices  developed,  and  a  commentary  on  results 
obtained  In  the  laboratory  and  In  flight. 

II  -  INSTRUMENTATION  AND  RESULTS  OBTAINED 

The  sensor  basic  diagrams  are  given  In  figure  1.  The 
operating  principle  Is  the  Gerdlen  principle;  the 
measuring  chamber  contains  two  coaxial  cylindrical 
electrodes. 

Air  penetrates  the  capacitor  and  the  ion  paths  are 
governed  by  their  Inlet  speed  and  the  air  flow 
speed.  Their  drift  speed  is  defined  by  the  differ¬ 
ence  in  potential  applied  to  the  electrodes  2  and  3. 
The  Ions  are  collected  on  an  Internal  electrode  2. 
The  sensor  Is  lnatalled  on  the  airplane  and  operates 
by  direct  intake,  l.e.  without  a  suction  device,  the 
air  flow  being  governed  by  the  aircraft  speed. 

The  conic  air  inlet  4  operates  as  an  inertial  filter 


by  limiting  hydrometeors  penetration  into  the 
measuring  chamber. 

A  clear  air  conductivity  measurement  was  made  with  a 
prototype  sensor  on  board  the  Transall  04  aircraft 
in  the  fall  of  1984.  The  measurement  results  are 
given  in  figure  2.  Comparison  can  be  made  of  the 
Gish  and  Walt  curve  (1950;  broken  line),  the 
positive  conductivity  measurements  obtained  by 
Gringel  (dotted  line)  and  our  results  (plured  line); 
it  Is  noticed  that  the  three  types  of  Indications 
are  equivalent.  This  preliminary  experiment  was 
Instrumental  in  validating  the  cell  operation  in 
flight. 

A  second  series  of  measurements  was  made  during 
1984.  The  measurements  were  performed  in  a  cloudy 
flow  In  the  Puy  de  D8me  wind  tunnel  at  an  altitude 
of  1465  m.  This  aeries  of  experiments  enabled 
testing  of  the  device  In  clear  air,  In  cloudy  and  In 
icing  conditions.  Several  distributions  of  Ion 
mobility  were  obtained  in  clear  sky  (Gondot,  1985). 
Several  measuring  sequences  were  run  in  a  flow 
originating  from  clouds  covering  the  top  of  the 
mountain;  they  showed  a  reduction  of  60  Z  In 
electrical  conductivity  with  respect  to  clear  air 
for  a  liquid  water  content  of  0.3  gm”3.  We  also 
observed  that  the  mean  Ion  mobility  was  reduced  by 
40  Z  Inside  the  cloud.  This  reduction  is  attributed 
to  ion  hydration.  However,  the  moat  Important 
feature  of  this  series  was  the  confirmation  of  the 
sensor  satisfactory  operation  in  a  non  electrified 
cloud  environment. 

Three  conductivity  sensors  were  Installed  on  the 
Transall  aircraft  for  the  LANDES-FRONTS  84  exper¬ 
iments. 

-  The  first  conductivity  sensor  was  extended  by 
using  an  annular  Venturi  device  to  measure  the 
flow  rate;  the  sensor  was  provided  with  an 
automatic  cyclic  variation  of  the  high  voltage 
bias  to  perform  a  detailed  analysis  of  the 
environment  by  measuring  three  parameters 


72 


P.  Gondot  et  al, 


(conductivity,  density  and  average  mobility)  at  a 
mean  spatial  resolution  of  100  m. 

-  The  second  sensor  can  operate  alternatively  at 
positive  or  negative  polarity  with  a  constant 
voltage.  The  voltage  level  can  be  set  in  flight. 

-  The  third  sensor's  design  is  less  standard;  it 
contains  a  measuring  electrode  divided  into  four 
sections.  The  simultaneous  measurement  of  ionic 
currents  from  each  section  enables  reconstruction 
of  characteristic  I  “  f(V)  using  4  points;  the 
voltage  difference  between  the  electrodes  is  held 
constant. 

The  sensors  are  supported  on  bases  fixed  to  the  pods 
under  each  wing  of  the  Transall  (Fig.  3).  The  pre¬ 
amplifier  stage  is  housed  in  the  sensor  bare  and  the 
preconditioning  packages  containing  the  high  voltage 
modules  are  installed  in  the  pods.  The  signals  are 
output  from  the  packages  under  low  Impedance  and 
flow  through  the  wings  to  the  interior  of  the  fusel¬ 
age  where  they  are  acquired  and  digitized  by  an  HP- 
A900  computer  at  a  rate  of  128  words/s.  They  are 
also  acquired,  in  parallel,  by  an  analog  wideband 
system  (0-500  kHz). 

Signal  analysis  from  the  divided  electrode  sensor  is 
identical  with  that  of  the  characteristic  I  *  f(V) 
sensor  obtained  by  polarization  drift.  The  following 
relations  are  used  for: 

,  .  .  Eo  dl 

-  conductivity  :  A  =  —  jy 

I 

s 

-  ion  total  density  :  n  =  jr- 

"e 

rv3 

mobility  distribution  :  £(k)  =  ' 

o^e 

with  C  i  capacitor  capacitance. 

Is  :  saturation  current, 

Q  :  flow  rate, 
e  :  elementary  charge, 

c  :  air  permittivity. 

o 

The  clear  air  operation  of  the  divided  electrode  is 
shown  in  figure  4,  on  which  we  plotted  an  equivalent 
global  characteristic  I(V)  from  the  current  values 
acquired  simultaneously  by  the  4  electrodes.  For 
this  sequence  the  mean  resultsover  4  s  are:  posi¬ 
tive  conductivity:  1.10  ”**  il  '  ,  positive  ion 
density:  600  cm"3,  and  mean  ion  mobility: 

10'"  J  .V1  .s"1  . 

During  the  Landes  84  experiment,  the  Transall 
aircraft  made  several  active  cumulonimbus 
explorations.  In  most  of  the  cumullform  cloud 
penetration  sequences  we  observed  s  characteristic 
development  of  the  conductivity  signal.  The 
mlcrophyslcal  parameters,  the  electric  potential  of 
the  aircraft  and  the  current  signals  acquired  by  sll 
the  conductivity  sensors  are  plotted  as  a  function 
of  time  and  distance  covered  by  the  aircraft  (Fig. 
5). 

The  aircraft  penetrated  a  cumulonimbus  at  an 
altitude  of  5400  m  (-15*0)  under  the  conditions 
given  in  figure  5.  All  the  conductivity  sensors 
delivered  current  pulses  A  with  a  width  of  200  ms, 
at  a  distance  of  20  m  before  effective  cloud 
penetration.  Inside  the  cloud,  measurements  are 
disturbed  by  the  Impact  of  fine  cloud  droplets  on 
the  sensitive  electrode  to  be  of  use.  Figure  5 
shows  the  effect  of  a  clear  air  layer  at  an  altitude 
of  6000  n  separating  two  storm  cells  belonging  to 
the  same  storm  system. 

During  the  cloud/clear-alr  transitions,  the  4 
measuring  channels  on  the  divided  electrode  sensor 
provided  coherent  measurement  of  type  A  pulses  and 
an  ionic  current  density  gradient  (B)  of  2  pAm  1 


over  70  m,  which  corresponds  to  an  increase  in 
positive  ion  density  of  50  cm  3  per  meter  and  to  an 
ionic  space  charge  of  about  0.3  nCm  3  in  the  close 
vicinity  of  the  cloud.  The  pulse  associated  with  the 
change  in  the  physical  nature  of  the  aircraft 
environment  is  visible  during  the  cloud/clear-air 
transition  as  well  as  during  the  clear-air/cloud 
transition.  This  removes  the  doubt  on  an  artifact 
due  to  degradation  of  sensor  operation  following 
penetration  of  cloud  air  into  the  measuring 
chamber. 

Figure  7  emphasizes  the  systematic  character  of  this 
observation.  This  experiment  concerned  very  active 
cloud  explored  at  an  altitude  of  3000  m  (-2°C).  The 
250  ms  wide  type  A  pulse  is  practically  synchronized 
with  the  clear  air-cloud  transition.  Analysis  of 
these  same  signals  recorded  simultaneously  by  an 
analog  system,  500  kHz  passband,  confirms  the 
presence  of  zone  A  and  its  isolation  from  the  rest 
of  the  cloud  (Fig.  9). 

Finally,  note  that  these  pulses  are  Independent  of 
the  electric  potential  of  the  aircraft  cannot  be 
attributed  to  an  artifact  generated  by  the 
electrostatic  field  at  the  outer  surface  of  the 
probe. 

Ill  -  DISCUSSION 

Figure  6  illustrates  an  observed  phenomenon  associ¬ 
ated  with  an  increase  in  positive  ion  density.  We 
may  assume  that  the  positive  ions  are  drawn  to  the 
cloud,  the  negative  ions  repelled  and  an  electri¬ 
cally  monopolar  air  layer  is  created  near  the  clear 
air-cloud  Interface.  In  this  case,  an  additional 
Increase  in  positive  ion  density  may  result  from  the 
elimination  of  recombination  of  ions  of  opposite 
polarity  hence  the  formation  of  zones  A  and  3. 
Unfortunately,  we  were  not  able  to  take  a 
simultaneous  measurement  of  negative  ion  denalty  to 
collaborate  our  hypothesis. 

Considering  all  of  these  measuring  sequences,  the 
location  of  zones  A  and  B  with  respect  to  the  clear 
air-cloud  boundary  seems  to  be  related  to  altitude 
and  perhaps  more  directly  to  the  variation  with 
altitude  of  clear  air  conductivity.  The  invariable 
width  of  the  pulse  (between  200  and  300  ms)  should 
also  be  borne  in  mind. 

Although  we  have  not  fully  analyzed  all  the  flight 
sequences  of  the  LANDES-FRONTS  84  experiment  to 
provide  an  Irrefutable  argument  in  favor  of  our 
assumption,  we  can  state  at  the  present  time  that 
out  electrical  characterization  of  the  peripheral 
structure  of  the  charge  distribution  of  convective 
clouds  has  been  validated  by  two  techniques  of 
measurement  of  the  electric  conductivity: 
simultaneous  measurement  of  two  ionic  polarities  ad 
rapid  measurement  of  the  divided  cell  type. 
Furthermore,  measurement  of  electric  conductivity  on 
the  basis  of  this  principle  proved  to  be  difficult 
inside  the  cloud  aalnly  due  to  Interference  from 
droplets  or  ice  crystals.  We  are  not  yet  in  a 
position  to  attribute  the  cause  of  this  Interference 
to  charged  droplets  or  ice  particles,  to  contact 
electrification  due  to  solid  particles,  or  to 
fragmentation  of  liquid  droplets. 

Nevertheless,  we  have  observed  that  over  a  large 
number  of  cloud  penetration  sequences,  the  signal 
reliability  has  been  maintained  over  a  few  meters  as 
long  as  the  droplet  water  content  does  not  exceed  a 
critical  threshold,  whilst  the  presence  of 
precipitation  had  only  a  slight  influence  on  the 
ueasurements. 
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IV  -  CONCLUSION  REFERENCES 


The  major  result  of  these  experiments  Is  that  tuo 
monopolar  ionic  density  zones  A  and  B  located  in 
clear  air  at  the  perimeter  of  convective  clouds  have 
been  shown  up  by  conductivity  measurements.  The 
presence  of  the  clouds  was  also  detected  by 
hydrometeor  density  measurements. 

In  addition,  electric  field  measurements  performed 
on  the  perimeter  of  convective  clouds  in  other 
experiments  (Marshall,  T.C.  et  al,  1984)  tends  to 
confirm  the  existence  of  a  screening  layer  formed  by 
cloud  droplets  charged  by  a  ion  flow  drained  by  the 
cloud.  This  flow  would  hence  condition  the  existence 

of  zones  A  and  B  mentioned  above;  conversely,  the 

screening  layers  most  probably  control  the  transfer 
of  electrical  charges  to  the  cloud  and  largely 
condition  its  electrical  activity. 

The  modelization  of  charge  transfer  between  the 
cloud  and  its  environment  requires  an  accurate 

knowledge  of  the  medium:  peripheral  dynamic 

structure,  detailed  hydrometeor  population,  electric 
conductivity  values,  cloud  state  of  maturity,  etc. 
This  is  why  it  is  anticipated  that  improving  this 
type  of  measurements  is  a  worthwhile  effort  for 
collecting  the  basic  data  necessary  for  model 
development. 
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Fig.  1  -  Conductivity  sensor  diagram. 

1  -  deicing 

2  -  insulation 

3  -  measurement  electrode 

4  -  cone 

5  -  measuring  chamber 

6  -  blaa  electrode. 


Gish,  O.H.  and  Wait,  C.R.,  "Thunderstorms  and  the 
Earth's  general  Electrification",  J.  Geophys.  Res., 
55,  473-484,  1980. 

Gondot,  P.,  "DSfinition  et  exploitation  de  capteurs 
destines  2  la  mesure  de  la  conductivity  Slectrique 
dans  les  nuages  d'orage",  ThSse  de  32me  Cycle,  Paris 
VI,  1985  (to  be  published). 

Laroche,  P.,  Dill,  M.,  Gayet,  J.F.,  and  Friedlander, 
M.,  “In-flight  thunderstorm  environmental  measure¬ 
ments  during  the  Landes  84  Campaign",  In  this 
conference. 

Markson,  R. ,  "Measurement  of  the  Global  Circuit", 
International  Conference  on  Atmospheric  Electricity, 
Albany  (New  York,  June  1984. 

Marshall,  T.C.  et  al,  “Screening  Layers  at  the 
Surface  of  Thunderstorm  Anvils",  International 
Conference  on  Atmospheric  Electricity,  Albany  (New 
York),  June  1984. 

Rust,  W.D.,  and  Moore,  C.B.,  "Electrical  conditions 
near  the  Bases  of  Thunderclouds  in  the  South  Western 
United  States",  5th  International  Conference  on 
Atmospheric  Electricity,  Garmisch-Partenkirchen, 
Sept.  1974. 


Fig.  2  -  Positive  conductivity  profiles  in  clear 
air 

- Gish  and  Wait  (1950) 

o  Grlngel  (1970)  according  to  Markson 
(1984) 
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3  -  Microphysical  and  electric  sensors  lo¬ 
cations  on  the  aircraft. 

1.  Ionic  conductivity  sensor 

2.  Ionic  conductivity  sensor 

3.  Microphysical  sensors 
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Fig.  4  -  Example  of  the  divided  electrode  cell  oper¬ 
ation:  construction  of  a  characteristic 
using  the  4  signals  delivered  by  the 
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Fig.  3  -  Penetration  of  a  cumulonimbus  at  level 
-15*C 

S|  to  S^:  the  4  divided  electrode  sensor 
signals, 

Sq  :  single  electrode  sensor  signal, 

V,  :  aircraft  potential, 

MU  :  droplets  liquid  water  content  (3 

to  40  tfa  In  radius) , 

KM  :  precipitation  liquid  water 

content . 
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ELECTRIC  CHARGE  TRANSFER  DURING  RIMING 


C.P.R.  Saunders  and  E.R.  Jayaratne 
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\L -  electric  charge  transfer  to  an  ice  covered  target  uue  to  ce  crystal 
interactions  has  been  studied  in  the  laboratory  and  the  charge  transfer  has  been 
iound  to  be  a  function  of  the  impact  speed,  ice  crystal  size,  environment 
temperature,  impurity  content  of  the  ice  and  the  presence  of  liquid  water  in  the 
cloud.  These  studies  simulate  the  fall  of  a  hailstone  through  a  thunderstorm  cloud 
but  also  are  applicable  to  charge  transfer  to  ice  coated  metal  targets  which  collide 
with  ice  crystals. 


1.  -  Introduction 

This  work  was  prompted  by  reports  of 
field  based  observations  of  thunderstorms  in 
which  the  location  of  lightning  charge  cen¬ 
tres  has  been  determined.  (Lhermitte  and 
Krehbiel,  1979;  Krehbiel  et  al ,  1979, 
1980).  These  authors  provided  radar,  elec¬ 
tric  field  and  radiation  data  that  indicates 
that  the  negative  charge  centres  within 
thunderclouds  are  co-located  with  precipita¬ 
tion  within  well-defined  temperature  zones 
above  the  freezing  level.  The  implication 
is  clear  that  one  of  the  principal  thunder¬ 
storm  charge  transfer  mechanisms  involves 
collisions  between  soft-hail  pellets  (grai»' 
pel)  and  ice  crystals  in  the  presence  of 
supercooled  water  droplets.  Airborne 
measurements  have  shown  that  precipitation 
sized  particles  in  thunderclouds  carry  sub¬ 
stantial  charge,  Christian  et  al  (1980), 
Gardiner  et  al,  (1984)  and  Vali  et  al 
(1984),  adding  credibility  to  the  concept  of 
particle  charge  giving  rise  to  the  major 
centres  in  thunderstorms. 

Several  laboratory  studies  of  thunder¬ 
storms  have  shown  that  a  significant  charge 
is  separated  when  ice  crystals  bounce  off  a 
hailstone  leaving  it  charged.  If  this  mech¬ 
anism  may  be  extended  to  natural  thunder¬ 
storms,  subsequent  gravitational  separation 
of  the  oppositely  charged  particles  would 
set-up  an  electric  field  which  is  augmented 
by  large  numbers  of  similar  collisions  and 
charge  separation  events.  Some  discrepan¬ 
cies  between  reports  of  the  early  laboratory 
experiments,  for  example,  those  of  Reynold 
et  al  (1957)  and  Latham  and  Mason  (1961,  a, 
b)  were  resolved  by  Jayaratne  et  al  (1983) 
in  terms  of  the  requirement  for  the  presence 
of  liquid  water  in  the  cloud  in  order  to 
obtain  substantial  charge  transfer.  Theor¬ 
etical  work  by  Illingworth  and  Latham  (1977) 
and  Rawlins  (1982)  has  shown  that  the  lab¬ 
oratory  measured  charge  transfers  are  ade¬ 
quate  when  integrated  over  the  whole  active 
cloud  voliane  to  account  for  the  magnitude  of 
the  charge  values  observed  in  thunderclouds 
which  give  rise  to  lightning  strokes  in 
which  tens  of  coulombs  of  charge  are  trans¬ 
ferred. 


The  present  work  is  an  extension  of  the 
studies  by  Jayaratne  et  al  and  has  as  its 
long  term  intent  the  isolation  of  the  speci¬ 
fic  conditions  under  which  charge  is  trans¬ 
ferred  between  ice  crystals  and  ice  targets 
representing  hailstones. 

2 .  -  The  Experiments 

Experiments  have  been  conducted  in  a 
large,  walk-in,  cold  chamber  with  tempera¬ 
ture  control  down  to  -30* C  and  also  in  a 
deep-freeze.  The  experiments  consist  either 
of  moving  a  target  tt  ough  a  cloud  on  a 
rotating  frame  or  of  drs  ing  a  cloud  past  a 
stationary  target.  Figi_e  1  shows  the  rota¬ 
ting  frame  in  the  cold  chamber.  The  target 
rod  is  gold-plated  stainless  steel  and  is 
connected  to  a  high  input  impedance  ampli¬ 
fier.  The  output  passes  via  slip-rings  out 
of  the  chamber  to  a  data  recorder.  A  cloud 
is  produced  in  the  chamber  by  introducing 
water  vapour  from  a  steam  generator.  .  Drop¬ 
lets  form  on  cloud  condensation  nuclei  and 
analysis  has  shown  them  to  have  sizes  up  to 
about  30pm  with  a  median  value  at  the  start 
of  an  experiment  of  about  8pm.  By  briefly 
inserting  a  wire  which  has  been  dipped  in 
liquid  nitrogen,  ice  crystals  are  produced 
and  they  grow  directly  from  the  water  vapour 
made  available  by  the  water  droplets  which 
evaporate.  (The  equilibrium  vapour  pressure 
over  water  is  greater  than  that  over  ice  at 
the  same  temperature.)  Hence  the  conditions 
in  the  cloud  change  continuously  throughout 
an  experiment.  As  the  ice  crystals  grow,  so 
the  water  droplet  sizes  decrease  until  the 
concentration  of  crystals  is  sufficiently 
depleted  by  fall-out  that  the  incoming  water 
vapour  is  able  to  deposit  on  the  droplets 
once  more  and  increase  their  sizes  back  to 
the  original  values.  Figure  2  shows  a  time 
sequence  of  droplet  concentration,  ice  crys¬ 
tal  concentration  and  mean  size  throughout 
an  experiment.  The  ice  crystals  are  nuclea¬ 
ted  at  time  t“0  and  continuously  fall  out  of 
the  cloud  attaining  a  maximum  size  of  about 
100pm.  The  liquid  water  content  of  the 
cloud  also  changes  throughout  a  run,  start¬ 
ing  with  a  maximum  value  of  2gm~  and  fall¬ 
ing  to  a  fraction  of  a  gm”  during  the 
experiment  before  rising  again  to  its 
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initial  value.  The  cloud  particle  concentr¬ 
ations  and  sizes  are  determined  by  means  of 
a  formvar  replicator:  a  tube  protrudes  into 
che  cloud  chamber  carrying  within  it  a  16mm 
wide  plastic  film  onto  which  is  coated  wet 
formvar  solution  (polyvinal  formal  dissolved 
in  chloroform).  At  the  end  of  the  tube,  a 
slot  cut  into  the  tube  wall  exposes  the  wet 
film  to  the  cloud.  The  film  is  moved  past 
the  slot  on  rollers  and  air  is  drawn  through 
the  slot  from  an  air  pump.  Cloud  particles 
impinge  on  the  film  and  their  shapes  are 
replicated  in  the  plastic  film  which  dries 
to  make  a  permanent  impression  for  later 
analysis. 

Throughout  a  run  the  cloud  was  illum¬ 
inated  and  visual  observations  of  the  cloud 
were  maintained  through  a  window  in  the 
chamber.  When  water  droplets  were  present, 
the  visibility  was  low;  when  the  droplets 
were  depleted  by  the  growing  crystals,  the 
visibility  improved  and  the  crystals  could 
be  seen  as  isolated  points  of  light.  A 
stage  was  reached  during  each  experiment 
when  the  droplets  re-appeared  in  the  cloud, 
this  situation  was  readily  observable  and 
analysis  of  the  replicator  showed  that  tije 
liquid  water  content  was  less  than  lgm 
This  stage  has  been  called  the  reference 
stage  of  the  experiment  and  its  use  permits 
comparison  of  data,  at  different  tempera¬ 
tures  for  example,  because  it  provides  a 
fixed  set  of  experimental  parameters  that 
occur  at  one  moment  in  all  the  experiments 
conducted. 

Figure  1  also  shows  the  stationary 
target  past  which  the  cloud  could  be  drawn. 
The  stationary  target  could  b^  used  with 
velocities  up  to  about  10ms  while^  the 
rotating  target  was  limited  to  3.5ms  in 
order  to  prevent  possible  spurious  effects 
due  to  high  rotational  forces.  When  oper¬ 
ated  at  the  same  speed,  both  stationary  and 
rotating  targets  gave  the  same  result.  An¬ 
other  experiment  in  a  deep  freeze  was  con¬ 
ducted  with  high  speed  revolutions  up  to 
20ms-  in  order  to  compare  with  other 
worker's  results.  The  charge  that  was 
transferred  to  the  targets  was  converted  to 
a  measurable_vqltage  such  that  a  charging 
current  of  10-  JA  produced  an  output  of  lmV. 
From  a  knowledge  of  the  crystal  concentra¬ 
tion,  and  with  an  assumption  of  the  target 
collection  efficiency  for  colliding  crys¬ 
tals,  a  value  of  the  charge  removed  per 
separating  crystal  could  be  determined; 
this  value  is  called  the  charge  per  event. 

3.  -  Results 

Having  been  used  to  provide  vapour  for 
crystal  growth,  the  steam  generator  was 
turned  off  which  permitted  some  experiments 
to  be  performed  with  no  liquid  water  pre¬ 
sent.  In  these  experiments  the  surface 
state  of  the  ice-covered  stationary  target 
and  the  crystals  could  be  controlled  by 
heating  Vhe  target  externally  or  internally, 
or  by  cooling  the  target  before  the  experi¬ 
ment,  or  by  passing  the  crystals  through  a 
heated  tube  cr  through  a  heated  tube  lined 
with  moist  blotting  paper.  The  results 
showed  that  the  target  charged  negatively 
when  the  target  ice  was  evaporating  and  the 


crystals  were  also  evaporating.  The  target 
charged  positively  when  its  surface  was 
growing  by  vapour  deposition  for  both 
growing  and  evaporating  ice  crystals.  Thus 
it  was  concluded  that  a  growing  surface 
charges  positively  while  an  evaporating 
surface  charges  negatively.  This  result 
produced  charge  transfers  of  very  low  magni¬ 
tude,  typically  below  0.25fC  where  lfC  = 
10^  :>C  and  required  high  velocities  of  '"'lOm 
s  to  obtain  a  detectable  signal.  Such 
high  velocities  and  small  charge  transfers 
are  not  relevant  to  thunderstorms  where  the 
relative  velocities  between  small  hail  and 
ice  crystals  is  around  3ms-  .  Other  workers 
have  also  noted  this  charge-sign  dependence 
on  the  evaporation  or  growth  of  the  ice 
target  and  have  suggested  that  a  contact 
potential  mechanism  is  active.  (Buser  and 
Aufdermaur ,  1977;  Marshall  et  al  1978). 
However,  Caranti  and  Illingworth  (1980)  did 
not  observe  a  change  in  the  contact  poten¬ 
tial  of  ice  when  it  changed  from  a  growing 
to  an  evaporating  state. 

The  major  part  of  the  studies  was  per¬ 
formed  in  the  presence  of  supercooled  water 
droplets.  Figure  3  shows  the  current  mea¬ 
sured  to  the  riming  target  at  three  tempera¬ 
tures.  The  results  have  distinct  charac¬ 
teristics  and  were  quite  reproduceable.  The 
initial  positive  peak  occurs  shortly  after 
the  cloud  is  seeded  and  is  associated  with  a 
high  concentration  of  very  small  ice  crys¬ 
tals  ClOpm)  together  with  a  high  value  of 
liquid  water  content.  After  this  peak  the 
cloud  is  rapidly  depleted  of  water  droplets 
and  vapour  which  results  in  a  low  liquid 
water  content;  then  the  charging  current 
decreases.  When  the  liquid  water  content 
increases  again,  the  charging  current  in¬ 
creases  positively  at  warm  temperatures 
(above  -20*c>  and  negatively  at  colder  tem¬ 
peratures.  When  the  crystal  cloud  is  ex¬ 
hausted  due  to  fall  out,  the  current  returns 
to  zero.  At  -20*C,  the  charging  current 
reverses  sign  again  at  about  2.5mins  after 
seeding.  These  data  and  results  of  other 
similar  experiments  over  a  range  of  tempera¬ 
tures  have  been  used  to  generate  Figure  4 
which  indicates  the  charge  gained  by  the 
target  for  each  separating  crystal  as  a 
function  of  temperature  at  the  reference 
stage  of  the  experiment.  The  velocity  used 
was  a  realistic  value  of  around  3ms-1. 
Figure  3  indicates  that  the  presence  of  a 
water  cloud  is  important;  the  second  posi¬ 
tive  peak  at  -20*C  is  associated  with  the 
re-established  liquid  water  content.  The 
tendency  for  positive  charging  to  be  pro¬ 
moted  in  the  presence  of  liquid  water  is 
evidently  iwamped  at  -25*C  where  the  cold 
temperature  is  dominant  even  though  the 
liquid  water  increases  again  at  the  end  of  a 
run.  In  other  experiments,  the  water  vapour 
supply  was  reduced  during  a  run  and  in  gen¬ 
eral  tnis  caused  charge  transfer  to  the 
target  to  change  in  the  negative  sense, 
becoming  negligible  once  all  the  vapour  in 
the  cloud  was  exhausted.  Experiments  over  a 
range  of  velocities  at  -11*C  with  positive 
rime  charging  showed  a  rapid  increase  of 
charge  transfer  per  crystal  separation  event 
with  velocity.  (Figure  5).  The  average 
slope  was  3.2  and  is  due  to  at  least  two 
effects;  namely,  the  effect  of  the  velocity 
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itself  and  the  increased  collection  of 
liquid  water  at  higher  velocities  due  both 
to  increased  collision  efficiency  and  to 
higher  sweep-out  rate.  The  higher  rime 
accretion  rate  with  higher  velocity  has  the 
same  effect  as  increasing  the  liquid  water 
content  which  has  been  shown  to  promote 
positive  charge  transfer.  This  powerful 
dependence  on  velocity  throws  doubt  on  the 
relevance  of  the  results  of  other  workers 
who  used  velocities  of  _10ms”  and  obtained 
significantly  higher  charge  transfers  than 
those  reported  here. 

Figure  6  shows  the  charge  per  event  as 
a  function  of  the  crystal  size  during  two 
typical  runs.  It  is  clear  that  the  slope 
for  positive  rime  charging  at  warmer  temper¬ 
atures  is  greater  than  that  for  negative 
rime  charging  at  colder  temperatures.  The 
difference  may  be  attributable  to  the  rime 
accretion  rate  which  is  higher  when  the 
crystal  size  is  larger  due  to  the  increase 
of  the  liquid  water  content  during  the  run 
after  its  initial  decline.  However,  the 
very  large  dependence  of  charge  transfer  on 
crystal  size  indicates  that  in  real  clouds 
with  crystals  of  several  hundred  microns  in 
size,  the  charges  transferred  will  exceed 
those  measured  here  even  though  the  relative 
velocity  between  the  hail  particle  and 
crystal  will  be  reduced. 

Some  experiments  with  a  high  rotation 
rate  produced  some  surprising  results. 
(Figure  7.)  These  results  have  since  been 
verified  with  a  stationary  target  and  high 
crystal  and  cloud  velocity.  As  the  liquid 
water  content  becomes  re-established  in  the 
cloud,  the  rimer  charge  reverses  to 
negative.  So,  despite  the  expected  effect 
of  an  increased  rime  accretion  rate  which 
usually  favours  positive  charging,  the  high 
velocity  leads  to  negative  charging.  The 
enhanced  positive  charging  within  the  first 
two  minutes  of  the  experiment  are  not 
consistent  with  Figure  3.  These  experiments 
may  indicate  that  high  speed  interactions  do 
not  provide  results  representative  of 
thunderstorm  conditions. 

Experiments  with  cloud  droplets 
carrying  impurities  were  performed  by 
spraying  droplets  from  an  ultrasonic 
atomiser.  Firstly,  it  was  confirmed  that 
pure  spray  droplets  gave  similar  results  to 
the  steam  generated  cloud.  Figure  8  shows 
that  ammonium  sulphate  promotes  positive 
rime  charging  and  sodium  chloride  leads  to 
negative  charging  with  an  increased  effect 
at  lower  temperatures.  The  solution 
strengths  used  are  typical  of  those  found  in 
real  clouds . 

4 .  -  Discussion 

These  results  have  shown  that  the  sign 
and  magnitude  of  the  charge  transferred  to 
an  ice  target  by  interacting  ice  crystals  is 
dependent  on  the  temperature,  the  water 
content  of  the  environmental  cloud,  the 
velocity  of  impact  and  the  impurity  content 
of  the  droplets;  the  magnitude  of  the 
charge  transfer  is  highly  dependent  on  the 
ice  crystal  size. 


Experiments  with  ice  crystals  alone 
hitting  an  evaporating  or  growing  target 
showed  that  the  surface  state  of  the  target 
ice  controls  the  sign  of  the  charge  trans¬ 
fer.  The  experimental  result  that  the  con¬ 
tact  potential  is  not  affected  by  whether 
the  surface  is  growing  or  evaporating  im¬ 
plies  that  this  mechanism  cannot  explain  the 
sign  of  the  charge  transfer.  The  present 
experiments  also  showed  that  the  temperature 
difference  between  the  interacting  surfaces 
played  no  role  in  the  charge  transfer.  When 
liquid  water  droplets  are  present  in  the 
cloud,  the  charge  transfer  is  typically  two 
orders  of  magnitude  larger  than  with  ice 
crystals  alone.  Here,  the  liquid  water  must 
be  playing  an  important  part  in  controlling 
the  way  in  which  the  crystals  interact  on 
the  rime  surface.  The  water  droplets  them¬ 
selves  will  collide  with  the  target  (if 
above  a  certain  size  for  a  given  airstream 
velocity)  and  will  freeze  on  impact  with  the 
riming  surface.  At  cold  temperatures,  the 
droplets  freeze  very  rapidly  and  Caranti  and 
Illingworth  (1980)  have  shown  that  there  is 
a  contact  potential  difference  between  a 
rimed  ice  surface  and  an  unrimed  surface. 
Such  a  potential  difference  may  explain  the 
negative  charge  transfer  to  riming  surfaces 
at  cold  temperatures.  At  warmer  tempera¬ 
tures,  or  at  higher  rime  accretion  rates, 
the  droplets  take  longer  to  freeze  on  the 
rime  surface  and  while  freezing  with  their 
surface  temperature  close  to  0*C,  they  may 
provide  a  local  super-saturation  (Nix, 
Fukuta  1974)  that  causes  growth  of  the  re¬ 
gions  of  the  surface  being  bombarded  by  ice 
crystals.  Here  the  positive  charging  of  a 
growing  surface  may  be  the  dominant  effect 
which  swamps  the  contact  potential  effect. 
Further  analysis  of  these  two  competing 
mechanisms  is  required  -  they  follow  from 
discussions  with  Caranti,  Illingworth  and 
Hallett  and  are  only  tentative  suggestions 
at  present. 
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kettle ;  L,  crystal  collector  plate; 
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Figure  2.  Particle  concentrations  and 
sizes  observed  on  the  formvar  replicator. 
Temperature  -6° C;  rod  speed  2.9  m3'  ; 
initial  liquid  water  content  2gm*  . 
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Abstract  -  The  NASA  Kennedy  Space  Center  (KSC)  and  the  U.  S.  Air  Force  are  currently  operating  an  ex¬ 
tensive  network  of  ground-based  electric  field  milla  in  order  to  detect  atmospheric  electrical  hazards 
to  ground  operations,  launches,  and  landings  of  spacecraft.  Over  the  past  10  years,  the  University  of 
Arizona  haa  utilized  data  provided  by  this  network,  and  other  instrumentation,  to  investigate  the  elec 
trical  structure  of  thunderstorms  and  lightning  in  Florida.  Recent  analyses  have  included  estimates  of 
the  Maxwell  current  density  that  thunderstorms  produce  at  the  ground  and  computations  of  the  locations 
and  magnitudes  of  lightning-caused  changes  in  the  cloud  charge  distribution.  In  this  paper,  we  will 
review  this  work  and  will  ahow  an  example  of  how  thunderstorm  current  patterns  and  lightning  charges 
develop  in  both  space  and  time. 


I  -  INTRODUCTION 

Over  the  years,  many  authors  have  assumed  that  thun¬ 
derclouds  are  relatively  stationary  distributions  of 
electric  charge  with  a  region  of  diffuse  positive 
charge  above  a  more  concentrated  volume  of  negative 
charge  (1-3].  When  the  cloud  is  producing  lightning, 
however,  thi-  concept  must  be  modified  because,  when¬ 
ever  a  discharge  occurs,  the  cloud  electric  field 
undergoes  a  large  change,  end  between  flashes  this 
field  usually  recovers  back  to  a  value  close  to  that 
before  the  discharge  occurred.  Clearly,  if  the  cloud 
field  is  not  steady,  either  when  there  is  lightning 
or  between  flashes,  then  the  cloud  charges  that  pro¬ 
duce  this  field  cannot  be  steady. 

A  much  better  approximation  is  to  assume  that  the 
cloud  is  a  steady  current  source  (A— € ] ,  and,  in  this 
case,  the  observational  quantity  that  is  of  primary 
interest  between  discharges  is  the  Maxwell  current 
density,  Jm  [7].  Note  that 

Jm  -  3  +  3D/3t  ,  (1) 

where  J  is  the  current  density  produced  by  the  motion 
of  free  charges,  i.e.,  all  field-dependent  currents 
plus  precipitation  and  convection  currents,  and  3D/.  t 
is  the  displacement  current  density.  In  order  to  con¬ 
serve  electric  charge,  J„  must  be  a  solenoidal  vector 
field,  i.e., 


relative  con|rlbutions  of  convection  and  conduction 
currents  to  Ja  at  these  times  to  be  usually  small. 
This  result  was  predicted  by  Krider  and  Musser  [7] 
and  can  be  expressed  mathematically  as 

3  »  3 D/3 1  I  ♦  -  e03E/3t  I  +  (3) 

“  I  E=<0  |  B*0 

The  significance  of  Equation  (3)  is  that  a  measure¬ 
ment  of  Just  E  as+a  function  of  time  can  often  be 
used  to  estimate  Jn.  We  note  that  Equation  (3)  will 
not  usually  be  valid  within  regions  of  he^vy  preci¬ 
pitation  because  of  the  contributions  to  Jm  due  to 
precipitation  currents. 

The  changes  in  the  cloud  electric  field  that  are 
caused  by  lightning  have  been  studied  by  many  inves¬ 
tigators  who  have  used  them  to  infer  characteristics 
of  both  the  discharges  themselves  and  the  associated 
changes  in  the  cloud  charge  distribution  [1,10-12]. 

In  the  most  recent  work  [10,11],  field  changes  were 
measured  simultaneously  at  a  number  of  different 
sites  on  the  ground,  and  the  results  were  interpreted 
in  terms  of  an  assumed  model  of  the  cloud  charge  dis¬ 
tribution  that  was  altered  by  the  flash.  The  model 
that  is  usually  assumed  for  cloud-to-ground  lightning 
is  that  the  change  in  the  cloud  charge  is  spherically 
symmetric  or,  equivalently,  that  the  change  can  be 
described  by  the  well-known  point-charge  relation. 
With  thia  assumption,  the  field  change,  AEj,  at  a 
given  horizontal  distance,  Dj,  is  given  by 


(A) 


therefore,  the  lines  of  3„  will  form  closed  loopa 
within  and  outside  the  clour.  Below  t  thunderstorm, 
many  of  the  lines  of  3a  will  close  in  the  ground  and 
will  be  vertical  Juat  above  the  ground. 

Simultaneous  measurements^ of  3a  and  £  under  active 
thunderstorms  [8,9]  show  3a  to  be  closely  approxi¬ 
mated  by  3D/3t  when  £  is  close  to  zero,  a;.d  the 

*  Present  address.  NASA  Marshall  Space  Flight  Center, 
Huntsville,  Alabama  35812 


where  Q  is  the  net  change  in  the  total  cloud  charge, 
and  H  is  the  height  of  the  center  of  this  charge. 

The  horizontal  distance  Dj  is  given  by 

*  [(x  -  Xoi)2  ♦  (v  -  Yoi)2]^  .  <5) 

where  X,  Y  are  the  coordinates  of  the  cloud  charge 
in  the  plane  of  the  earth,  and  Xoj,  Yq  j  are  the 
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coordinates  of  the  measuring  site.  This  model  is  cer¬ 
tainly  not  unique,  but  it  does  contain  just  4  unknown 
parameters,  Q,  H,  X,  and  Y.  If  the  number  of  measure¬ 
ments  exceeds  the  number  of  unknowns,  then  the  values 
of  the  unknowns  can  be  found  using  a  standard  least- 
squares  optimization  procedure  [10]. 

Following  [11],  we  assume  an  Intracloud  field  change 
can  be  described  by  a  point  dipole  model,  l.e.,  the 
field  change,  AE^,  at  site  1  Is  given  by 


where 

f  ■  P  x  t  P  y  +  P  ! 
x  yJ  z 

Is  the  change  in  the  three-dimensional  dipole  moment 
vector  and 

ft  *  (X  -  Xjj)x  +  (Y  —  Yo  i  )y  +  Hz 

Is  the  three-dimensional  position  vector  pointing 
from  the  measuring  site  to  the  dipole.  If  this  model 
produces  i  better  agreement  with  the  measurements 
than  the  point-charge  model,  then  we  assume  the 
lightning  was  an  Intracloud  discharge. 

Initial  applications  of  the  least-squares  method 
by  Jacobson  and  Krider  [10]  indicate  that  cloud-to- 
ground  lightning  in  Florida  effectively  neutralizes 
tens  of  Coulombs  of  negative  cloud  charge,  and  that 
these  charges  are  centered  at  altitudes  where  the 
ambient  air  temperature  la  -10*  to  -34*C.  In  a  more 
detailed  study  of  4  flashes,  Krehblel  et  al.  [11] 
have  reported  that  Individual  return  strokes  In  New 
Mexico  neutralize  charge  that  Is  centered  at  alti¬ 
tudes  of  -10  to  -20*C,  values  that  are  consistent 
with  but  somewhat  lower  than  the  results  of  Jacobson 
and  Krider. 

In  this  paper,  we  will  Illustrate  some  attempts  to 
use  Eq.  (3)  to  estimate  Maxwell  current  densities 
under  thunderstorms  and  Eqs.  (4)  and  (6)  to  describe 
changes  in  the  cloud  charge  that  are  caused  by  light¬ 
ning.  Our  example  will  be  a  relatively  small  thunder¬ 
storm  that  occurred  at  the  NASA  Kennedy  Space  Center, 
Florida,  on  July  11,  1978. 


II  -  DATA 

The  NASA  Kennedy  Space  Center  and  the  Cape  Canaveral 
Air  Force  Station  have  been  operating  the  network 
of  field  mills  for  about  10  years  to  identify  atmo¬ 
spheric  electrical  hazards  to  ground  operations, 
launches,  and  landings.  These  sensors  measure  the 
vertical  electric  field  at  23  or  more  sites,  and 
the  network  covers  a  total  area  of  about  13x23  km2. 
The  Instruments,  the  data  acquisition  system,  and 
various  scientific  applications  of  the  data  have 
been  described  previously  (7,10,12-14). 

Figure  1  shows  a  map  of  the  field-mill  sites  that 
were  used  during  the  summers  of  1976,  1977,  and 
1978,  the  years  of  the  Florida  Thunderstorm  Research 
International  Program  (TRIP)  experiments  (13).  Basic¬ 
ally,  the  field  at  eech  site  was  digitized  at  a  rate 
of  10  samples  per  second  and  stored  on  magnetic  tape 
together  with  an  accurate  time  code.  The  digitisation 
accuracy  was  30  V/n,  and  the  dynamic  range  of  the 


instruments  covered  field  values  from  -15  kV/m  to 
+15  kV/m  with  an  accuracy  of  about  10%  or  better. 

To  provide  both  accuracy  and  rapid  data  processing, 
a  computer  algorithm  very  similar  to  that  devised  by 
Plepgrass  et  al.  [14]  was  used  to  Identify  lightning. 
First,  there  was  a  coarse  search  for  a  field  discon¬ 
tinuity  In  successive  1-second  intervals;  then  when  a 
discharge  was  detected,  there  was  a  careful  determi¬ 
nation  of  the  flash  time  and  the  field-change  value 
at  each  site. 

Between  flashes,  the  values  of  the  displacement  cur¬ 
rent  when  the  flela  was  close  to  zero  [l.e.,  Eq.  (3)] 
were  accumulated  and  then  averaged  over  consecutive 
2.5-mlnute  Intervals  to  estimate  the  average  Maxwell 
current  density,  Jm,  at  each  field-mill  site. 


Fig.  1.  The  locations  of  electric  field-mill  sites 
at  the  NASA  Kennedy  Space  Center. 


Ill  -  RESULTS 

Maps  of  the  average  Maxwell  current  density  and  the 
locations  and  magnitudes  of  lightning-caused  changes 
in  the  cloud  charges  have  been  derived  for  several 
storms  at  KSC  using  the  field-mill  data.  Figure  2 
shows  a  sequence  of  Maxwell  current  maps  for  a  small 
Isolated  thunderstorm  on  July  11,  1978.  Here,  the 
thin  solid  lines  show  lsocurrent  densities  In  Incre¬ 
ments  of  0.5  nA/m2 ,  and  the  thin  dashed  contour  Is 
0.25  nA/V.  The  Qs  i how  the  locations  of  cloud-to- 
ground  lightning  charges  (point-charge  model)  and  the 
Ps  show  Intracloud  discharges  (polnt-dlfile  model). 
The  heavy  dashed  and  solid  contours  show  plan  views 
of  the  radar  echoes  at  altitudes  of  7.5  km  and  10  km, 
respectively^  Note  In  each  panel  of  Figure  2  how  the 
patterns  of  JB  are  consistent  with  the  locations  of 
the  lightning  charges  and  the  radar  echoes.  Note  also 
how  these  patterns  develop  and  change  shape  slowly 
with  time. 

An  area-integration  of  a  map  of  JB  provides  an  esti¬ 
mate  of  at  least  a  lower  limit  for  the  total  current 
produced  by  the  cloud  aloft  and  an  upper  limit  to  the 
total  rate  of  charge  transport  to  the  earth  [8,9 J. 
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A  sequence  o f  up*  of  J.  derived  fro*  fleld-alll  d«t«  for  a  atom  on  July  U,  1978. 
The  ending  tlu*  (UT)  of  the  averaging  Interval  are  shown  In  the  upper  right  corner 
of* each  plot,  and  the  location,  of  the  active  field-*!!  alt..  «.  -howo  a.  dot.. 
Contour,  of  lso-J.  are  shown  aa  thin  .olid  line.  In  Increunte  of  0.5  nA/id \  and 
the  daahed  contour  la  0.25  nA/^ .  The  location,  of  lightning  charge*  are  urked 
«Uh  Q.  and  and  the  heavy  daahed  .and  .olid  line,  .how  the  location,  of  radar 
echoea  at  7.5  ka  and  10  ka,  respectively,  at  5-*in  Intervale. 
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Curve  l  in  Figure  3  shows  the  total  current  that 
has  been  derived  for  the  storm  on  July  11,  1978.  Note 
that  there  are  two  peaks  in  this  current  that  are  due 
to  separate  storm  cells  (see  Figure  2)  and  that  the 
larger  of  these  cells  peaks  at  about  0.45A. 


UT 

Fig.  3.  The  area-integrated  Maxwell  current  density 
(curve  1)  and  estimates  of  lightning  current 
(curves  2-3)  as  a  function  of  time.  The 
lightning  rate  and  area-integrated  rainfall 
are  also  ahown.  The  lightning  rate  la  aver¬ 
aged  over  2.5-min  Intervals,  and  the  rain¬ 
fall  is  averaged  over  5-mln  intervals. 


Most  P  solutions  in  Fig.  4  tend  to  be  located  above 
the  Q  altitudes,  as  would  be  expected  for  intracloud 
discharges  between  the  negative  charge  level  and  an 
upper  positive  region.  Some  P  solutions  are  below  the 
Q  level,  and  these  tend  to  be  reversed  in  polarity. 


Fig.  4.  The  altitudes  of  lightning-caused  changes  in 
the  cloud  charge  distribution  that  could  be 
described  by  the  point-charge  model  (Q)  anti 
the  point-dipole  (arrow).  The  polarities  of 
all  Q  solutions  are  in  the  sense  of  negative 
charge  being  neutralized  by  the  discharge, 
and  an  upward-directed  arrow  is  in  the  sense 
of  a  P  solution  that  had  a  positive  charge 
above  a  negative  charge  being  neutralized 
by  the  diachzrge.  Horizontal  arrows  show 
those  P  solutions  that  had  a  horizontal  com¬ 
ponent  of  P  that  was  902  of  the  total  dipole 
moment  or  larger. 


The  remaining  curves  in  Fig.  3  show  preliminary  esti¬ 
mates  of  the  total  lightning  current  to  (or  from)  the 
negative  charge  region.  These  curves  have  been 
derived  by  summing  the  charges  for  optimum  Q  and  P 
solutions  in  successive  2, 5-mln  intervals  and  then 
dividing  by  the  duration  of  the  interval  (150  sec). 

In  the  case  of  P  solutions,  the  charges  were  esti¬ 
mated  by  dividing  each  dipole  moment  by  an  estimate 
of  the  length  of  the  dipole,  L.  In  cases  where  L 
could  be  computed  using  a  constrained  2-charge  model, 
the  mean  length  was  1.3  km,  and  it  is  this  current 
that  is  shown  in  Curve  2.  Curves  3,  ',  and  5  show 
lightning  currents  where  the  L  for  each  P  solution 
have  been  assumed  to  be  1,  2,  and  4  km,  respectively. 

Although  the  data  in  Figure  3  are  preliminary,  it 
should  be  noted  that  the  average  lightning  currenj 
is  substantially  higher  than  the  area-integrated  Jn 
at  the  ground.  Clearly,  the  overall  charge  budget 
of  a  thunderstorm  ia  an  Important  problem  that  needs 
further  study. 

As  a  final  illustration,  Flga,  4  and  5  show  the  alti¬ 
tudes  and  magnitudes  of  the  changes  in  cloud  charges 
and  in  the  dipole  moments  for  the  Q  and  P  solutiona 
that  were  plotted  in  Fig.  2.  Note  in  Fig.  4  that  moat 
Qa  fall  in  a  rather  narrow  range  of  altitudes,  where 
the  ambient  air  temperature  ia  in  the  range  from  -15* 
to  -30*C.  These  altitudes  also  tend  to  be  constant 
throughout  the  development  of  the  storm. 


Fig.  5.  The  magnitudes  of  the  charges  and  total  di¬ 
pole  moments  of  Q  and  P  solutiona  plotted  in 
Figures  2  and  4. 


During  the  early  part  of  the  atorm,  from  19:10  to 
19:25  UT,  the  average  altitude  of  the  P  solutions 
increased  from  about  8  km  to  9.5  km.  This  increase 
ceaaed  after  there  was  a  maximum  in  the  lightning 
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rate  and  then  gradually  bubsided  to  approximately 
8  km  at  about  19:40  UT. 

In  Fig.  5,  the  charge  values  associated  with  cloud- 
to-ground  11  htnlng  (Q)  average  9.5  C  with  a  large 
standard  deviation.  The  magnitudes  of  the  total  di¬ 
pole  moments  In  cloud  discharges  (PI  start  at  rather 
low  values  near  10  C/km  and  then  increase  to  an  aver¬ 
age  of  about  30  C/km  at  about  19:25  UT.  After  this 
time,  there  may  even  be  a  future  increase,  but  the 
number  of  discharges  is  limited. 


IV  -  SUMMARY 

Our  studies  to  date  show  that  Maxwell  current 
patterns  provide  a  good  indication  of  the  location 
and  relative  intensity  of  electrical  storms  and  that 
there  is  good  agreement  between  these  patterns  and 
the  locations  of  lightning  and  radar  echoes.  There 
are  also  some  new  questions  about  how  the  average 
lightning  current  is  related  to  the  area-integrated 
Maxwell  current  and  what  is  the  electrical  budget  of 
a  thunderstorm. 
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GROUND  ELECTROSTATIC  FIELD  CHiViSES  DUE  TO  LIGHTNING 
M.  Bala,  K.C.  Mathpal*  and  J.  Sai 
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Abatraot  -  In  computing  the  electrostatic  field  and  field  changes  due  to  lightning 
discharges,  earlier  . orkers  have  assumed  thundercloud  as  the  dipole  model  of  point 
charges.  In  this  paper  the  authors  have  improved  the  point  charge  model  by  consider¬ 
ing  a  thundercloud  of  finite  dimensions  with  spatially  inhomogeneous  oharge  distri¬ 
bution  with  positive  and  negative  oharges  at  the  upper  and  lower  regions  respectively. 
Further,  the  finite  width  of  the  cloud  was  also  taken  into  aooount.  3uch  considera¬ 
tions  provided  more  realistic  computations  of  the  electric  field  and  field  changes. 

The  calculations  are  in  good  agreement  with  the  experimental  observations  and  theore- 
tioal  predictions  mads  by  different  workers  so  far. 


I  -  INTRODUCTION 

For  calculating  electrio  fields,  dipole  model 
of  lightning  is  generally  taken  into  aooount 
where  it  is  assumed  that  the  point  of  obser¬ 
vation  is  at  the  same  distance  from  every 
point  of  the  disoharge  ohannel.  This  assum¬ 
ption  is  valid  only  for  distances  greater 
than  about  10  km.  Comparatively  very  little 
attention  has  been  paid  to  the  field  changes 
very  close  to  a  lightning  ohannel.  Wilson 
/l,z/  considered  a  point  charge  which  movea 
within  the  oloud  or  from  aloud  to  the  ground 
and  then  determined  the  eleotroatatio  field 
changes.  Pieroe  /3 /  attested  the  variation 
in  the  ground  electrio  field  in  the  intra- 
cloud  discharges  to  be  due  to  the  vertical 
movement  of  ohergea  within  the  oloud.  Based 
on  thia  argument,  elementary  theoretical 
calculations  of  eleotrostatio  field  changes, 
using  simple  bipolar  point  ohargea  with  upper 
positive  and  lower  negative  within  s  thunder¬ 
cloud  were  made  by  several  workers  /4,5,6,7/, 
Tiller  et.  al.  /8/  measured  the  eleotro¬ 
atatio  field  ohanges  due  to  return  strokes  of 
lightning  at  diatanoes  from  1  to  l5  km.  Lin 
et.  al.  79/  alao  reported  the  observations 
at  9  km.  Krehbiel  aet  al.  Ao/  measured 
eleotrostatio  field  ohanges  due  to  overhead 
lightning  discharges.  The  dipole  model  of 
point  ohargea  as  used  by  earlier  workers  la 
f  n  over  simplified  approaoh  and  far  from 
reality.  Thus,  Mathpal  end  Varsbneya  /l 1/ 
have  improved  the  point  oharge  model  by  con¬ 
sidering  a  thunderoloud  of  finits  dimension 
with  spatially  lnhomogens ous  ohargs  distri¬ 
bution  with  a  net  positive  oharge  at  tbs 
upper  region  and  negative  oharge  at  ths 
lower  region.  Further,  the  finits  width  of 
the  oloud  was  also  taken  into  account.  Suoh 
considerations  provided  mors  realistio  com¬ 
putations  of  ths  sleotrio  field  ohanges.  In 
this  paper  theoretioal  computations  for  tbs 
eleotrostatio  field  ohanges  at  a  point  on 
the  ground  surfaoe  as  produced  by  an  upward 
propagating  streamer  within  the  oloud  (E- 
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change)  end  an  upward  propagating  positive 
streamer  from  ground  to  the  cloud  (return 
stroke)  have  been  made  for  finite  dimensions 
of  the  oloud. 


II  -  THEORY 

The  theory  ooneiders  a  finite  oloud  dimen¬ 
sion.  The  cloud  is  idealized  of  having  a 
oylindrical  shape  with  radius  W  /ll, 12,13/. 
The  positive  and  negative  oharge  regions, 
both  have  a  width  H.  The  origin  of  the  co¬ 
ordinate  la  assumed  to  lie  at  the  centre  of 
the  oloud  (Fig.  l).  The  length  of  the  charg¬ 
ing  zone  is  2L.  The  radius  of  the  streamer 
has  been  designated  by  R^  and  the  cloud  base 

has  been  assumed  to  be  at  an  altitude  h  from 
the  ground.  Calculations  have  been  made  for 
5C- change e  and  return  strokes. 

Z 
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Ill  -  ELECTROSTATIC  FIELD  DUE  TO  K-CHANGES 

Smith  A4/  was  first  to  have  a  detailed 
study  of  the  intracloud  discharges.  He 
measured  the  electric  field  changes  at  two 
stations  13.5  km  apart.  From  the  measure¬ 
ments  hs  concluded  that  the  intracloud  dis¬ 
charges  raised  negative  charge  from  N-region 
to  the  P-region  of  the  cloud.  However, 
Takagi  /l5/  from  his  statistical  studiss  of 
the  intracloud  discharges  gave  a  contrary 
view.  The  situation  was  clarified  by  Ogava 
and  Brook  /5,l6/  who  showed  that  the  K- 
changes  are  preceded  by  downward  positive 
streamers.  Thus  the  K-changes  are  the  coun¬ 
terpart  of  a  return  stroke  in  cloud  to 
ground  lightning.  In  this  case  the  negative 
charge  moves  upward.  The  K-charges  are  known 
to  be  predominantly  vertically  oriented A7/. 

The  propagating  streamer  draws  its  charge 
from  the  N-region.  The  thicknses  of  this 
region  decreases  with  increase  in  the  length 
of  the  streamer.  Let  at  any  time  t,  Z^  be 

ths  vertical  position  of  the  tip  of  ths 
streamsr  from  the  origin  and  the  correspond¬ 
ing  thickness  of  the  N-region  be  Z2  (Fig.  l). 
Initially,  when  t  3  0,  Z^  =■  L  and  Z2  =  H. 

Thus,  following  Mathpal  and  Varahney  Al/, 
the  vertioal  oharge  distribution  P ( Z *  )=P(rp) 

et  point  p'  within  the  oloud  at  an  instant  t, 
cen  be  written  as  - 


harmonics,  Y^m(e,f),  one  may  get  /ll  / 

wj ?.f(|=4*n  - y  P- 

'  P  P  ?  m  (2/+1)  (rp)'+1 

..(3) 

Substituting  Eq.  (3)  in  Eq.  (2),  one  gets 
.  (r_ i d^r  i  . . . 

ia>  I  I - *-75  *■  -  -(4) 

P  0  /  m  (rp)^  1(2/+l) 

Thus  the  potential  function,  j(rp),  at  point 
on  the  ground  oan  be  ritttv.  aa- 

u  "f;,  ..(5) 

P  6o  tm  (2/n)(rn)^  1 


mhe  factor  2  is  due  to  the  effect  of  the 
eleotrical  image  of  ths  oharged  region  of  the 
oloud.  The  multipole  moments  (q-  )  are 
jiven  by- 

..(6) 


(i)  For  region  of  cloud  having  streamer 
(the  cloud  width  lying  in  between 
-R  and  +R  ) 

P(rp.)-P(Z' ,t )=*PQ,  for  L  <  Z'  <  L+H 
=PQ  Z'/L,  for  Zj^  <  Z'  <  L 
=  -pq  ,  for  -(Z2+L)  <  Z’  <  ^  ..(1«) 

(ii)  For  region  of  oloud  othsr  than 
streamsr  region  (the  oloud  width  lying 
in  between  R(J  and  V  on  one  side  and  in 

between  -Ra  and  -W  on  the  other  side) 

P(rp,  )=>P(Z' ,t)-PQ,  for  L  <  Z'  <  L+H 

-o  a‘/L,  for  -L<Z'<L 
o 

-  ~PQ,for  -(L+Z2)'2'<  -L 

..(lb) 

whsrs  rp!  is  the  position  veotor  of  point  p' 

and  P  is  tbs  maximum  oharge  density  of  each 
polarity.  Consider  a  volume  slensnt  d^  rp', 
at  p*.  The  potential  funotion  df  (rp)  at 

point  p  on  the  ground  surfaoe,  whose  position 
veotor  is  r  ,  due  to  this  oharge  element  ie 
g*  ven  by  - 

d{(rp)-P(rp.)  d’rp,  '(4se0 |rp-xp,  | )  ..(2) 

Expending  1/ l?p-rp , | in  terms  of  ths  spharloml 


where  the  parameter  (  must  bs  zero  or  a 
positive  integer  and  that  the  integer  m  oan 
take  only  the  values  -{,  -(/-l) , - 1, 

0,1,  - (/♦!),  L 


Thus 


for  /  »  0,  m  =  0 


and  for  /  ■!,  m  -l,  0,  I 


The  values  of  sphsrioal  harmonics,  Y^n,  for 
/  ■  0  and  (•  l  are  given  by  (Jaokson,  /ll/'. 


If  one  oonsiders  only  upto  the  dipole  terms, 
the  Eq,  (5)  reduoes  to 


0ns  may  find 

,2 

¥2(H-*2)  -  1 J(^  +  zi+f) 
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Thus  q  =0  and 
'oo 


Z2  =  H  - 


.1*1, 

O  Or  • 


,2  '1  2  2l 


and  ^A=Jvt<lt  -L 

r  /■  r  ** 


ql.-l=JIIYl»-l(0,’g,)i:p'P(?P,)p,dp,dZ'd(^, 

..(10) 


We  know  that 

r2lt 

J  exp(-i(S' )  djf'  =  0 

0 

..(11) 

hence 

ql,-l  =0 

..(12) 

and 

piiP')p' 

iP’dZ'dtf' 

..(13) 

Further 

f  exp(i<*')  dflf'  =  0 

..(14) 

o 

hence 


qll  *  ° 


..(15) 


l(r  )=  r “  -^(VA*)1^2  Cos©  *(3/4*)1/2 
p  6o  3r 

poriiRe2+I2W^ 


t<V  Cii»82+i2»2J 


2  -I  Cos© 
J  2 


From  coordinate  system 

Cos©  =  Z/rp 
and 

rp  »  (Z2+D2)l/2 
hence 


$<V“  ^n1R2+i2w2] 


2**2  \3/2 


(Z^D2) 


..(22) 


..(27) 


..(24) 


where  D  ie  the  dletance  between  the  cloud 
base  to  the  point  of  observation  and  Z  ie 
the  vertioal  position  of  the  origin  of  co¬ 
ordinate  system  from  the  ground.  Thus 


•  h  ♦  H  ♦  1 


..(25) 


The  vertical  electric  field,  B  at  a  point 
at  the  grovnd  is  given  by 

B  =  -  M  .-(26) 


vJKo^'iv p(v}  p,dp* dz' ir 

..(16) 

or 

,  1/2  R 2p  Z3  2?  .2  W2P 

q10a2,t(yr)  f~T*(-  ■  "2  *  6")+  T~ 


q  -«(3/4«)l/2  P0[I1B^I2W2] 


*10 

where 


.3  ,2 


..(17) 

..(18) 

..(19) 


and  ? 

i2  -  ..(2o) 


looording  tc  the  convention  used  in  the  for- 
lulation  of  (jtr  ),  the  electric  field  is 

,-oeitive  when  it  ie  direoted  upward.  However, 
in  most  works  in  atmoepherio  electrioity, 
downward  fielde  are  taken  as  positive. 
Therefore,  following  the  later  oonvention, 
Eq.  (26)  reduces  to 

5  ||  ..(27) 


where  the  eleotrio  field  B  ie  positive  wlnn 
it  is  diieoted  downward. 


P  p  j  .2  »»2 

1  ■  ~rr 


UV>5/2 


..(28) 


If  Q*  is  the  total  negative  oharge  in  the 
lower  half  region  of  the  cloud,  then 
V  -(L+H)  2" 

Q'-  J  |  j*  P  ,dP'P(rp  i  )dZ'd0'  ..(?©) 
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or 

Q*  =  -it  *2  P0  (H+  |) 


(e’.flf')  P0(rp,)P'iP'az'  dflf * 


For  calculating  electric  field  sna  the  field 
change,  the  current  density  and  length  of 
the  ohannel  for  the  K-chenge  have  been 
obtained  using  current  and  velocity  exprer- 
sions  given  by 

It=I0{exp(-at)-exp(-f3t) ),  Vt=V0(exp{-at) 

-exp(-bt)) 

where  IQ,  V0,  a,  3,  a  and  b  are  the  cons¬ 
tants  and  their  values  are  taken  from 
Vadehra  and  Tantry  /l8/. 

Io=2l  K  Amp.,  V^^xlO^ms”1 ,  a=5xl04  s-1 
3  =2xl0^s-^,  a=lxl048-^  and  b=1.2xlO^  s-^ 


IV  -  ELECTROSTATIC  FIELD  CHANCES  DUE  TO 
RETORN  STROKES 


Return  stroke  is  a  ground  to  cloud  discharge. 
In  this  case  we  oonsider  the  positive  oharge 
from  the  ground  moving  upward  and  obtain  an 
expression  for  electrostatic  field  at  a  dis¬ 
tance  D  on  the  ground  surface.  The  effect 
of  static  charge  of  thunderoloud  has  also 
been  taken  into  aooount.  The  total  electrio 
field  E  is  given  by 

E  *  Ej  +  ..(30) 


where  E^  is  the  eleotrio  field  due  to  the 
static  charge  on  the  cloud  and  E2  is  the 


eleotric  field  due  to  the  propagation  of  up- 
vard  positive  streamer.  The  expreseion  for 
;  as  obtained  by  Mathpal  A2/,  is  given  ae- 


El- 


.  (D2-f.z2).]Q  (n) 

2«0  ML/2  J[zW)5^2  J  ; 


where  <4  ie  the  total  oharge  on  the  oloud. 


or 


..(32) 


^o-V«JS  t\2  -  z2] 

Rfl  -ZL  2 it 


o  -H  o 


..(53) 


and 


lr  )=  2rq10Y10(e>^,  qoo  Yoo(0»<r)3 
p  V  'Jr^  r 


OT 


K>-  £ 


( Z^+D^ ) 


+  —  P  R2(-Z,  +Z) - i - - - (34) 

e0  0  8  1  ,„2  2.1/2 


(z2+d2)i/2 


Now, 


=  _3i 


33 


,  2  3Z4-3Z2z[  zJ_3Z2 

r  -  2,o  Po  •C7i2+D?^,(I2+i)2),/2] 


2  2rZZl+Z  ,  1 

+  *0  P°ReL(Z2+DJ)V2  +  (22^2)1/2 


.1 _ ] 

**  l/2J 

..(35) 


where 


\ 


dt 


For  oalculating  eleotroetatio  field  due  to 
ths  return  stroke  we  used  double  exponential 
ourrent  and  velocity  expressions 

It*I0(8xp(-«t)-exp(-3t)),  Vt-VQ(exp(-at) 

(-exp(-bt)) 

Ths  values  of  oonstants  for  return  stroke 
are  given  by- 

Io-22xl03A,  Vo-9xl07  me-1,  O=*l.6xl04  e"1 
3  *5x10^  s“l,  m*3xl04  a”*  and  b*7xl0^  s"^ 
Here  further  as  in  the  previous  section, 


V  -  RESULTS  AND  DISCP3SI0N3 

In  the  present  work  the  eleotroetatio  field 
and  field  obanges  for  K-obangee  and  return- 
stroke  j  have  been  o&loulatsd  in  time  domain. 
Ms  found  that  tbs  total  slsotroatatlo  field 
during  an  intraoloud  lightning  diaoharge 
(negative  oharge  moving  up)  doorcases  with 
tbs  inoreaoe  of  either  oharge  or  dlstanoe  or 
both.  Though,  the  present  oaloulatlons  are 
in  «,ime  domain,  the  results  oan  be  ooopared 
with  those  of  Khastgir  aid  Saha  /4/. 

Xhartgir  and  Sahm  /4/  reported  the  field 
about  -25  XV  m"l  and  about  -6  XV  m~l  at  a 
distanoe  of  2  km  and  5  km  respectively.  In 
the  present  oass,  the  field  at  1  km  le 

-15.4  KVa"1  and  at  5  km  it  ie  -6.^  KVm”*  for 
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a  cloud  charge  of  40C.  Thus  the  present 
values  are  in  accordance  with  those  given  by 
Kbpstgir  and  Saba  /4/. 


TIME ,  t  Uisec) 


Fig. 2  -  Variation  of  total  electrostatic 

field  ohange  with  tine  at  >»lkm 

and  Q=*40C,  for  various  values  cf 
ourrent  IQ,  for  a  K-ohange 


Figure  2  above  the  variation  of  total  eleo- 
troetatlo  field  ohange  due  to  a  K -change 

above  ambient  level  with  tine  for  different 
values  of  Ie(10-30  Kamp).  The  field  change 

increases  with  inoreating  current.  Tbe  In¬ 
st  ant  aneoue  eleetroetatlc  field  ohangea(for 
different  values  of  IQ  and  a)  with  tine  for 

K-ohange  have  been  shown  In  Fig.  3.  The 
calculations  for  diatanoea  greater  than  7  km 
have  not  been  nada  beoauae  beyond  tbs  above 
dlstanoe  the  lnduotion  field  nay  also  con¬ 
tribute  to  the  field  obangea.  Our  values 
are  in  good  agreenent  with  the  results  of 
Ogava  and  Brook  /5/  and  Khaatglr  and  Saha 
/  4/. 

The  instantaneous  eisotrostatio  field  ohmge 
bae  a  eo  been  oaloulated  with  tine  for  dif¬ 
ferent  valuee  of  the  atreaner  radius  Ka. 

The  field  la  found  to  be  insensitive  to  the 


TIME  ,t  Uj  sec  ) 

Fig. 3  -  Variation  of  instantaneous  electro¬ 
static  field  change  &E  with  time  at 
0=400,  for  various  values  of  dis¬ 
tance  D,  for  a  K-change 


radius  upto  about  20  u  sec  and  beyond  this 
Unit  it  is  highly  dependent  on  Ba.  For 

lerger  radii  the  field  change  deoreaeee 
slowly  in  oomparieon  to  that  for  enaller 
radii.  The  radius  of  K-change  is  not  pre¬ 
cisely  known.  But  it  is  argued  that  the 
K-ohange  radius  nay  he  equal  to  or  more  than 
the  radius  of  a  stepped  leader.  Henoe  oal- 
oulationa  have  been  done  for  radii  ranging 
from  10-100  metres. 

Another  important  parameter  is  the  oharge  U 
on  the  oloud.  He  have  used  the  value  of  Q 
ranging  from  20  to  80  ooulombe.  The  nega¬ 
tive  oharge  ae  estimated  by  various  workers 
lies  between  20  to  60C.  Hathpsl  and 
Varshneya  Al/  made  oaloulationa  for  40C  of 
cherge  which  gave  a  value  of  field  cloee  to 
the  experimental  observations . 

The  electrostatic  field  during  a  return 
stroke  on  the  ground  surface  increases  with 
time  and  attains  a  maximum  value  at  the  end 
of  the  dieebarge  for  any  amount  of  oharge  Q. 
After  entering  into  the  oloud  the  disoharge 
structure  becones  oomplioated  and  the  return 
stroke  probably  beoonea  horizontal.  Such  a 
case  has  not  been  taken  into  consideration. 
The  eleotrio  field  deoreaeee  with  decrees¬ 
ing  amount  of  oharge  on  the  oloud.  It  aleo 
deoreaeee  with  increasing  dlstanoe . 

The  variation  of  total  eisotrostatio  field 
ohange  &E  with  time  for  return  etroke  for 
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Fig. 4  -  Variation  of  total  electrostatic 
field  ohange  aEt  with  tine  at 

Q=*40C  and  &*1  km  for  various 
values  of  our  rent  I  ,  for  a  return 
stroke 


various  values  of  IQ  is  shown  in  Fig,  4 

Calculations  have  been  nade  far  maximum 
currents  ranging  fron  10  to  22  g  dap.  How¬ 
ever,  as  suggested  by  various  workers  IQ 

varies  fron  10  to  50  K  Amp,  A  value  of  22 
K  Aup.  was  suggested  by  Sri vast av a  and 
Tantry  /23/  whioh  has  been  extensively  used 
by  various  workers  /2i,2?,24/.  Tbs  nsxinun 
field  change  at  170  Useo  at  a  distance  of 
1  kn  is  3.2  KVn-1,  Tiller  et  al.  /8/  fron 
their  reoords  of  the  return  stroke  eleotrio 
fields  at  various  distanoes  near  Gainesville, 
Florida  found  the  total  eleotrio  field  ohaqge 
to  be  10  XVm”1  at  a  distance  of  1  kn  and  at 
170  useo  after  the  initiation  of  the  return 
stroke.  The  field  ohange  was  observed  to  be 
6  KV  n-1  at  the  sane  distanoe  and  for  the 
sane  tine  by  Serhan  st  al,  /20/,  Krehbiel 
et  al.  AO/  found  that  for  overhead  lightn¬ 
ing  disoharges  thetotal  eleotrio  field 
ohange  ranges  fron  1.37  to  22,1  KV  n”1.  Thus 
the  nsxinun  eleotrio  field  of  3.26  KV  m"1  in 
the  present  ones  is  in  good  agresnsnt  with 
the  experlaentel  observations  of  different 
investigators. 

The  variation  of  instantaneous  eleotrio 
field  ohange  nK  with  tins  for  a  return 
stroke  is  shown  in  Fig,  5.  The  field  ohange 
is  negative  for  all  dlstanoas.  The  total 
field  ohange  for  the  returnstroke  is  about 
10  tines  that  for  a  K-ohange,  The  field 


Fig.  5  -  Variation  of  instantaneous  eleotro- 
statio  field  ohange  aE  with  time  at 
Q*40C  for  various  values  of  distance 
D,  for  a  return  stroke 


changes  in  both  the  oases  are  similar  in 
nature.  Rai  and  Varshneya  /2l/  observed  that 
the  radiation  field  due  to  a  return  stroke 
is  about  10  times  that  of  a  K-ohange.  Similar 
results  were  obtained  by  Vadehra  and  Tantry 
/19/  also. 
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Abstract  -  The  electric  field  changes  produced  by  winter  thunderstorms  have  been  measured  at  two  points 
Mali  and  Hamochi.  The  field  strength  observed  at  Hamochi  of  Sado  Island  in  the  Japan  Sea  were  very  large 
and  frequently  more  than  +50  kV/m.  When  the  western  winds  blow,  the  field  changes  measured  at  two  points 
compares  with  each  other,  and  the  moving  mean  velocity  of  thundercloud  has  been  nearly  equal  to  the  wind 
speed  obtained  at  the  tower  top  of  Maki.  Moreover  the  deformations  of  thunderclouds  are  discussed  with 
the  radar  echo  figures  and  the  field  variations  measured  at  Maki.  The  scale  of  clouds  in  the  wind 
direction  coincides  to  the  scale  estimated  from  the  electric  field  change. 


1.  INTRODUCTION 

It  is  well  known  that  many  winter  thunderstorms 
occur  over  the  Japan  Sea  coastal  regions.  An  the 
winter  lightning  discharges  are  very  anomalous  [l] 
[2],  its  characteristics  must  be  made  clear  for  the 
design  of  lightning  protection  of  power  system  and 
tall  structures. 

The  winter  lightning  currents  which  flowed 
through  an  isolated  tower  for  meteorological 
observation  have  been  measured  by  magnetic  links,  a 
magnetic  tape  recording  device  and  an  oscilloscope 
with  a  recording  camera  since  the  winter  of  19T6  [3], 
and  by  a  digital  recording  system  using  Rogowsky  coil 
set  at  the  tower  top  as  a  current  sensor  at  Maki  of 
Japan  since  the  winter  of  1902  [U). 

To  clarify  the  characteristics  of  winter 
thunderstorms  which  attack  Maki  area,  surface 
electric  field  changes  have  been  measured  by  a  field 
mill  near  the  tower  since  the  winter  of  1982. 

Moreover  a  video  camera  system  has  been  set  up 
to  take  the  images  of  lightning  discharges  struck  the 
tower.  It  is  operated  automatically  when  thunder¬ 
storms  attack  the  area  since  the  winter  of  1983  [5]. 

The  data  of  slow  electric  field  changes  were 
processed  with  a  low  path  filter  and  analyzed  to 
spectral  distributions  by  Maximum  Entropy  Method 
considering  that  the  meteorological  conditions. 

Assuming  that  thunderclouds  move  across  over 
Maki  at  the  wind  speed  measured  at  the  tower  top,  the 
periodical  time  variation  of  field  strength  can  be 
converted  to  horizontal  wave  length.  It  can  be 
thought  that  wave  length  relates  to  the  horizontal 
distance  between  the  charge  centers  in  the  cloud  and 
it  may  mean  the  size  of  convection  cells. 

From  the  results  of  analysis,  it  has  been  made 
clear  that  the  cell  size  is  about  U-20  km  and  in 
proportion  to  the  heat  and  water  vapour  supplied  from 
the  sea  surface  to  the  atmosphere  [6]  [7]. 

In  order  to  study  more  fully  the  winter  thunder¬ 
storms,  the  measurements  of  the  electric  field 
changes  have  been  continued  at  two  polnts(Makl  and 
hamochi)  since  the  winter  of  1903. 

In  this  paper,  we  describe  the  results  of  the 
electric  fields  produced  by  winter  thunderstorms  at 
the  two  points  and  discuss  the  movement  and 
deformation  of  thunderclouds  in  the  period  of  1+5  km 
travelling. 


2.  OBSERVING  POINTS  AND  ELECTRIC  FIELD  MEASURING 
SYSTEM 

The  main  lightning  observing  point  "Maki"  is 
located  at  about  28  km  SW  from  Niigata  city  facing 
the  Japan  Sea  as  shown  on  a  map  in  Fig.l. 

The  meteorological  observation  tower  at  Maki  is 
150  m  in  height  and  constructed  on  a  hill  at  an 
altitude  of  125  m  above  sea  level.  The  meteorological 
data  at  Maki  have  been  measured  at  the  point  of  EL 
270  m  on  the  tower  where  lightning  currents  have  been 
measured  too.  Moreover  the  aerological  data  at  Wajima 
about  100  km  WSW(256  deg.  directional  angle  of  Maki) 
from  Maki  have  been  used  for  the  reference. 

The  second  observing  point  "Hamochi"  is  located 
at  about  1*5  km  W(28l  deg.  directional  angle  of  Maki) 
in  Sado  Island  from  Maki .  There  is  the  point  in  the 
middle  of  paddy  field. 

Electric  field  have  been  measured  since  the 
winter  of  1903  at  Hamochi.  Since  the  winter  of  1981*. 
wind  parameters  have  been  measured  by  an  anemometer 
Installed  on  the  top  of  a  power  pelc  at  8.6  m  in 
height. 

The  third  measuring  point  of  electric  field 

"Shirone"  started  since  the  end  of  1981*  is  located  at 
about  20  km  E  inland  area  from  Maki  in  the  Niigata 
plain.  There  are  the  radar  site  of  Mt.Yahiko(EL 

638  m)  at  about  1  km  S  from  Maki  point  and  the  Fukui 
radar  site  at  about  290  km  SW  from  Maki.  The  radar 
echo  figures  obtained  at  multi  radar  sitcs(mainly 
Yahiko  radar  and  Fukui  radar)  are  used  in  discussion. 

The  field  mills  used  at  each  point  have  a 

response  time  of  about  O.lL  sec.  and  its  output 
signals  have  been  recorded  on  a  per  recorder  only  in 
the  early  stage.  To  simplify  the  data  analysis  and  to 
avoid  the  data  lacks  caused  by  troubles  on  recorder, 
a  digital  recording  system  has  bed*  developed  and 
used  together  at  each  observation  point. 

The  system  consists  of  <  field  mill,  opto¬ 
electronic  transmission  systei,  L-D  converter,  a 
digital  cassette  recorder  and  simple  micro-computer 
with  a  timer.  The  dynamic  range  of  the  system  covers 
from  +60  kV/o  to  -60  kV/m  of  thi  electric  field 

strength.  To  record  the  field  data  automatically  for 
long  period,  the  field  signals  are  sampled  at  1  sec. 
Intervals.  They  have  been  registered  on  memory  of  the 
computer  with  time  index  when  the  difference  between 
one  sampled  value  and  next  exceeds  a  certain 
threshold.  When  the  field  do  not  change,  the  field 
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data  are  registered  once  for  about  9  hours( 32385 
sec.)  interval  only. 

3.  RESULTS  OF  ELECTRIC  FIELD  MEASUREMENTS  AT  TWO 

POINTS 

When  a  cyclone  is  located  on  the  northeastern 
Japan  Sea,  severe  phenomena  such  as  thunderstorm  or 
gust  are  observed  towards  south  of  the  cyclone 
center.  It  is  a  notable  feature  that  the  surface 
disturbances  are  .^served  inside  of  the  polar  air 
bounded  by  the  cold  dome  boundary  layer. 

When  a  storm  moves  through  the  our  observation 
areas,  the  electric  field  rises  to  over  2  kV/m, 
sometimes  exceeds  me . e  than  20  kV/m  varying  highly  in 
both  magnitude  and  polarity  then  subsides  to  a  zero 
value  again  at  Maki.  The  other  hand,  the  field 
strength  exceeds  frequently  more  than  t50  kV/m  at 
Hamoc'ni .  The  difference  between  oscillating 
amplitudes  at  the  two  points  is  considered  by  the 
following  reasons: 

(a)  Thunderclouds  occur  on  the  adjacent  seas  of 
Hamochi ,  so  charge  centers  in  the  thundercloud  are 
very  lower  at  Hamochi  than  at  Maki. 

(b)  Space  charge  effects  of  charged  particles 
generated  by  thundercloud  field  or  shielding  effects 
are  much  at  Maki  than  at  Hamochi,  because  there  are 
the  high  tower  and  many  trees  from  which  intense 
corona  discharges  are  induced  around  the  field  mill 
at  Maki,  but  there  is  little  hill  or  tall  structure 
around  the  mill  at  Hamochi. 

One  result  of  the  field  measurements  at  the  two 
points  is  shown  in  Fig. 2.  Several  thunderstorms 
develop  and  attack  to  the  regions  of  the  observing 
points  periodically  over  a  long  period  of  time  during 
one  day  or  over.  If  there  is  more  than  1/2  hour 
interval  of  zero  field  between  such  storms,  they  are 
regarded  as  each  another  one.  In  the  period  there  are 
large  amplitude  and  abrupt  changing  polarity 
alternations  before  ana  after  the  lightning  flashes 
to  the  tower.  So  these  abrupt  changes  may  represent 
the  rapid  electrical  processes  whlcn  occur  during 
intracloud  or  ground  discharges  and  precipitations. 
But  slow  chunges  of  the  field  are  considered  due  to 
the  thundercloud  charges  moving  with  wind  speed. 

The  time  length  of  continuous  field  variation, 
which  means  the  duration  of  a  thunderstorm  or  a 
fluctuation  of  meteorological  conditions,  and  the 
period  of  slow  field  oscillation,  which  means  the 
duration  of  convection  ceils,  depend  on  wind  speed. 

When  the  wind  directions  at  the  two  {joints  are 
sane  and  western,  the  storm  which  moves  over  Hamochi 
attacks  to  Maki  area.  Then  the  durations  of 
continuous  field  variation  at  the  two  [joints  are 
roughly  equal  but  the  periods  and  patterns  of 
oscillatory  variation  are  different.  The  differences 
of  field  variations  are  thought  due  to  the 
deformation  of  convection  cells  and  the  change  cf 
charge  distribution  in  the  cloud  . 

Tiie  period  con  be  obtained  in  dividing  the 
distance  of  the  two  points  with  the  wind  speed  at 
tower  top,  It  nearly  coincides  with  the  time  lag  of 
the  field  change  start  at  the  leeward  point  Maki. 
Therefore  it  is  seemingly  adequate  that  the 

travelling  velocity  of  thunderclouds  are  the  same  of 
wind  speed  measured  at  the  tower  top. 

The  scale  of  thunderclouds  and  inner  cells  have 
been  deduced  on  the  assumption  that  the  cloud 
velocity  is  equal  to  the  wind  speed  observed  at  Maki. 
The  time  variations  of  field  converted  to  the  distant 
variations  are  snown  in  Fig. 3.  They  are  the  sane  one 
as  in  Fig. 2.  The  wind  speeds  are  used  the  average 
values  in  every  ten  minutes  which  are  calculated  by 


the  supplemental  method  with  the  average  values  in 
ten  minutes  measured  on  the  hour. 

S.Matsumoto  et  al .  have  emphasized  in  their 
paper  as  following:  The  fluctuations  of  weather 
conditions  such  as  wind,  pressure  and  precipitation 
for  a  period  of  2-3  hours  occur  with  the  passage  of 
mesoscale  disturbances  which  develop  in  the  vicinity 
of  the  cold  dome  center  one  after  aother.  A  series  of 
mesoscale  disturbances  whose  horizontal  scale  and 
life  time  are  100-200  km  and  several  hours 
respectively  can  oe  analyzed  during  the  process  in 
which  cold  air  outbreak  is  accomplished.  The  phase 
velocity  of  the  mesoscale  disturbance  is  55  km/hour 

[8j. 

The  measured  periods  of  continuous  field 
variation  and  scales  of  thundercloud  correspond  to 
them  of  mesoscale  disturbances  described  by 
S.Matsumoto  et  al.. 

Most  winter  thunderstorms  develop  at  and  behind 
the  frontal  surface  of  trough  moving  across  the  Japan 
Sea.  As  troughs  pass  over  the  observatory,  wind 
direction  and  its  speed  change  with  time  in  a  wide 
range. 

When  the  wind  direction  is  not  west,  sometimes 
violent  changes  of  electric  field  have  been  observed 
at  one  point  only.  But  they  have  not  observed  at 
another  point.  So  the  field  changes  at  the  two  points 
do  not  correspond  to  each  other  in  this  case. 

k.  THE  SCALE  OF  THUNDERCLOUDS  DEDUCED  FROM  THE  FIELD 
VARIATIONS  AND  RADAR  ECHO  FIGURES 

To  clarify  the  form  and  scale  of  thundercloud, 
weather  radar  echo  figures  made  by  Japan  Meteoro¬ 
logical  Agency  are  used.  In  weather  radar,  echoes  are 
received  from  precipitation  elements  whose  in  thus 
located.  Weather  radar,  especially  when  a  PPI 

presentation  is  used,  is  excellent  for  tracing 
precipitation  areas  over  a  range  of  perhaps  15  to  200 
km.  Sometimes  distant  returns  can  be  masked  by  echoes 
from  close  precipitation  but  this  ease  is  seldom 
serious.  It  is  important  to  reiterate  that  weather 
radar  detects  precipitation  elements  not  lightning. 
It  does  not  therefore  distinguish  between  a  shower 
and  a  thundercloud. 

In  spite  of  the  above  mention,  most  clouds 
formed  by  strong  cumulus  convections  are  observed  as 
radar  echoes,  when  cyclones  .have  pussti  away  from 
southwest  to  nortiieast  over  the  Japan  Sea  in  winter. 
They  are  estimated  as  thunderclouds.  Becaus-e  air 
temperatures  over  EL  I  km  are  below  the  freezing 
point  and  below  -?0°C  at  EL  k  km.  It  should  be 
thought  that  vigorous  charge  separations  occur  at  the 
altitude  in  the  clouds  and  thunderclouds  are  formed. 

The  radar  echo  figures  in  the  period  from  20 
Dec.  199k  to  2k  Dec.  198k  have  been  compared  with  the 
data  of  the  field  variation  for  the  same  period.  In 
the  period  a  lightning  flash  struck  the  tower  at  Maki 
was  observed  at  23:50  LST  in  20  Dec.  198k  and  the 
field  variation  in  the  period  were  violent  and 
maintained  periodically  over  a  long  period  during 
five  days. 

A  series  of  the  radar  echo  figures  at  intervals 
of  three  hours  is  shown  rig.k.  In  the  figure,  the 
wind  directions  measured  at  the  tower  top  of  Maki 
with  arrow  heads,  the  heights  of  cloud  top  observed 
by  radar  echoes  with  ranked  number  (1:  under  2  km,  2: 
2-k  km,  3-.  k-6  Km,  and  so  on,  9:  unknown)  and 

precipitation  level  with  symbol  are  shown. 

The  time  variations  of  electric  field  correspon¬ 
ding  to  Fig.k  is  shown  in  Fig. 5. 

The  field  variations  which  were  converted  from 
the  time  dependence  to  distance  dependence  are  shown 
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in  fig. 6. 

From  Fig . U  and  Fig. 6,  it  is  clear  that  the  scale 
of  clouds  in  the  wind  direction  coincides  to  the 
scale  estimated  from  the  electric  field  change. 

Although  they  are  not  shown  here,  the  radar  echo 
figures  at  intervals  of  one  hour  and  the  petterns  of 
field  variation  have  shown  that  the  shape  of  thunder¬ 
cloud  deforms  with  time  and  the  growth  and  extinction 
of  convection  cell  in  the  cloud  or  the  change  of 
electric  charge  distribution  in  the  cloud 
successively  occur. 

Sometimes  field  change  is  measured  although 
there  is  no  cloud  on  the  radar  echo.  This  can  be 
estimated  that,  there  are  the  transparent  charged 
elements  for  radar  pulse  wave  around  the  clouds 
observed  radar. 


5-  CONCLUDING  REMARKS 

In  order  to  make  clear  the  characteristics  of 
winter  thunderstorms,  the  changes  of  electric  field 
have  been  measurea  at  the  two  points  since  the  winter 
of  1963.  The  field  strength  observed  at  Hamochi  (Sado 
Island)  in  the  Japan  Sea  were  very  largeer  in 
comparison  with  one  at  Maki  and  exceeded  frequently 
more  than  ±.50  kV/m  in  the  period  of  the  winter 
thunderstorms . 

When  the  westerly  wind  blows,  the  field 
variations  observed  at  the  two  points  correspond  to 
each  other.  The  time  lag  of  the  field  variation  at 

the  leeward  point  can  be  explained  the  distance 

between  two  observation  points.  It  depends  on  the 
wind  speed  measured  at  t he  tower  top  of  Maki. 

Moreover,  the  scale  and  deformation  of  thunder¬ 
cloud  have  been  discussed  with  the  field  variation 
observed  at  Maki  and  the  radar  echo  figures. 

The  scale  of  the  cloud  in  the  wind  direction  at 
Maxi  obtained  with  the  echo  is  nearly  equal  to  the 
wt'ulc  estimated  from  the  field  variation.  Sometimes 
field  change  is  observed  in  spite  of  no  cloud  on  the 

radar  echo.  This  can  be  estimated  that  there  are  the 

transparent  charged  elements  for  the  radar  pulse. 

To  clarify  the  winter  thunderstorms,  further 
accumulation  of  data  In  a  various  conditions  is 
needed.  We  observed  the  ilghtning  flashes  struck  the 
tower  at  Maxi  in  31  Jan.,  1  Feb.  and  21  Feb.  1985. 
So  we  will  discuss  the  characteristics  of  thunder¬ 
storm  for  the  period  Involved  the  lightning  flash 
days. 

Moreover,  us  the  field  variations  have  been 
measured  at  Shirone  since  the  end  of  1961,  the 
relations  of  field  variations  at  three  points  must  be 
analysed. 


ACKNOWLEDGEMENTS 

The  authors  wish  to  express  their  hearty  thanks 
to  the  associates  of  Nuclear  Power  Department ,  Tohoku 
Electric  Power  Co., Inc.  for  a  support.  The  authors 
also  wish  to  thank  Mr.  R.Shimanuki,  the  head  of 
Wajima  Meteorological  observatory  who  offered  kindly 
many  aerological  data  at  Wajima  and  Mr.  K.Ando,  the 
section  head  and  Mr.  Y.Kuzumaki,  a  chief  clerk  of 
weather  forecast  section,  Sendai  District  Meteoro¬ 
logical  Observatory  who  showed  kindly  the  radar  echo 
figures. 


REFERENCES 

[1]  T.Takeuti,  M.Nakano  and  Y. Yamamoto, "Remarkable 
Characteristics  of  Cloud-to-Ground  Discharges 
Observed  in  Winter  Tunderstorns  in  Hokuriku  Area, 
Japan"  J.  Meteorol.  Soc .  Jap.,  5l ,  136-1*29  (1976) 

[2]  T.Takeuti,  M.Nakano,  M. Brook,  D.J. Raymond  and 
P.Krehbel,  "The  Anomalous  Winter  Thunderstorms  of 
the  Hokuriku  Coast"  J.  Geophys.  Res.,  63,  2385- 
2391  (1978) 

{ 3]  Y.Goto,  F.Naito,  K.Narita  and  T.Sato,  "The 
Observation  of  Lightning  Discharges  in  Winter 
Thunderstorms  at  the  Niigata  Coast .Japan"  Proc. 
Int.  Aerospace  Conf.  on  Lightning  and  Static 
Electricity,  A-3  (1982) 

[1]  Y.Goto,  K.Narita  and  F.Naito, "The  Digital 
Recording  System  for  Lightning  Currents  and  Some 
Results  Obtained  for  Winter  Thunderstorms"  Rcc. 
Let.  Atmospheric  Elect: icity  Jap.,  3,  (1983) 

[5]  K.Narita,  Y.Goto  and  R.Funayama, "Measurement  of 
Lightning  Stroke  Current  in  Winter  Season  at 
Maki,  Japan"  Proc.  Int.  Aerospace  and  Ground 
Conf.  on  Lightning  and  Static  Electricity,  33, 
(1961) 

[6]  Y.Goto,  F.Naito,  K.Narita  and  M.Nai to ,"Sureface 
Electrostatic  Field  and  Meteorological  Conditions 
in  the  Period  of  Winter  Thunderstorms"  Prcc.  Int. 
Aerospace  and  Ground  Conf.  on  Lightning  and 
Static  Electricity,  26,  (1961) 

[7]  J.Goto,  K.Narita  and  M.Naito, "Spectral  Anulysis 
for  Electrostatic  Field  Changes  Produced  by 
Winter  Thunderstorms"  Res.  Let.  Atmospheric 
Electricity  Jap.,  1,  21-26 

[6]  S.Matsumoto,  K.Ninomiya  and  * .Akiynraa, "Cumulus 
Activities  In  D-lation  to  the  Mesoscale 
Convergence  Field"  J.  Meteorol.  Soc.  Jap.,  «5, 
292-305  (1967) 


Fig.  1.  Locations  of  observing  points  for  winter  thunderstorms  on  a  map  of  central  Japan 
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Fig.  3*  The  distance  variations  of  the  electric  field  converted  for  the  same  storms 
cs  in  Fig.  2. 
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ELECTRIC  FIELD  CHANGES  DUE  TO  LIGHTNING  IN  TROPICAL  THUNDERSTORMS 


P.  Pradeep  Kumar  and  J.  Rai 

Department  of  Physics,  University  of  Roorkee,  Roorkee  2476C7,  India 


Attract  -  Using  a  plate  antenna  the  electrostatic  field  changes  due  to  overhead 
lightning  discharges  were  carried  out  for  the  summer  thunderstorms  of  1983-84  at 
Roorkee.  Simultaneous  measurements  of  thunder  was  also  carried  out  to  find  the 
distance  to  the  discharge.  Statical  analysis  of  electric  field  changes,  interflash 
time  interval,  charge  destroyed  and  distance  to  the  discharge  are  presented  in  this 
paper. 


I  -  INTRODUCTION 


Most  of  the  measurements  on  lightning  have 
been  carried  out  in  the  higher  and  middle 
latitudes,  comparatively  little  work  has 
been  done  at  low  latitudes.  The  work  on 
intracloud  discharges  has  lagged  behind 
because  of  the  fact  that,  it  is  the  cloud  to 
ground  discharges  that  is  harmful  for  the 
electrical  installations,  buildings  and 
human  life.  Moreover,  the  intracloud  dis¬ 
charges  are  hidden  behind  the  clouds  making 
their  photographic  studies  difficult  and 
therefore  not  much  has  oeen  known  regarding 
the  mechanism  of  these  discharges-  More 
than  75*  of  the  discharges  in  the  tropics 
are  intracloud  discharges  /!/  and  very  few 
observational  data  are  available  from  this 
region  /2,  3,  4,  5/.  To  test  the  existing 
theories  of  intracloud  discharges  simultan¬ 
eous  measurements  of  electrostatic  field 
changes,  thunder  and  VLF  radiations  are 
being  made  at  Roorkee  (29-52°N,  77.53°E)> 
Statistical  analysis  of  the  electrostatic 
field  changes,  interflash  time  interval, 
charge  destroyed  and  distance  to  the  dis¬ 
charge  for  the  observations  made  during  the 
summer  thunderstorms  of  1983-84  has  been 
presented  in  this  paper. 


II  -  EXPERIMENTAL  SETUP 

A  field  change  recorder  (FCR)  was  construc¬ 
ted  for  the  purpose  of  recording  the  elec¬ 
trostatic  field  changes  due  to  lightning 
discharges.  A  plate  antenna  was  kept  at  a 
height  of  im.  above  the  ground,  a  potential 
difference  is  thus  developed  between  the 
antenna  and  the  ground,  this  potential 
difference  was  measured  using  a  RC  network. 
The  value  of  C  was  so  selected  that  it  was 
much  than  the  capacitance  (Cg)  formed  betw¬ 
een  the  antenna  and  the  ground.  The  value 
of  R  was  kept  much  larger  than  the  value  of 
C,  so  that  the  whole  potential  difference  is 
developed  across  C,  and  the  time  constant  RC 
was  large  enough  to  measure  individual 
events  / 6/ .  The  output  from  the  RC  network 
was  given  to  a  multistage  anplifier  system, 
the  output  of  which  was  recorded  on  a  pen- 
chart  recorder.  Fig-1  gives  the  schematic 
representation  of  the  whole  setup. 


FIG.1 


Fig-1  Plate  antenna  with  associated 
electronics. 

The  change  in  voltage  due  to  the  change  in 
the  induced  charge  on  the  plate  antenna 
during  a  lightning  discharge  was  recorded 
and  the  electric  field  change  was  calcula¬ 
ted  using  Eq.l, 

AV  =  £0Aef  AE/C  ••  (1) 

where  aV  is  the  voltage  change  at  the 
amplifier  input,  Aef  is  the  effective  area 
of  the  plate  antenna,  AE  is  the  electric 
field  change,  C  is  the  capacitance  of  the 
RC  network  and  £q  is  the  permittivity  of 
free  space. 

To  estimate  the  distance  to  the  lightning 
discharge  and  length  of  the  channel,  thunder 
accompanying  the  electrostatic  field  change 
was  recorded  on  a  tape  recorder  using  a 
condeser  microphone.  The  onset  of  thunder 
after  the  eiectrostatic  field  change  provi¬ 
ded  information  regarding  the  distance  of 
lightning  from  the  point  of  observation. 

The  duration  of  thunder  gave  information 
regarding  the  channel  length. 

Observations  were  made  during  the  summer 
months  of  1983-84  for  overhead  thunderstorms 
only.  Twenty  one  thunderstorms  consisting 
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of  approximately  5700  discharges  w>  e  used 
in  the  study. 


Ill  -  RESULTS  AND  DISCUSSIONS 

Frequency  of  Lightning  discharges  The 
interflash  time  interval  (in  seconds)  for 
the  total  number  of  discharges  observed 
during  1983-84  is  plotted  as  a  histogram 
in  Fig.2.  It  is  seen  that  maximum  number 
of  flashes  occured  in  the  interflash  time 
interval  of  1  to  2  seconds.  The  flash  rate 
in  the  initial  and  final  stages  of  a  thunde¬ 
rstorm  is  low  and  in  the  active  stage  very 
high.  The  duration  for  which  the  lightning 
activity  was  recorded  for  each  thunderstorm 
varied  from  12  minutes  for  a  storm  on 
April  17,  1983  to  81  minutes  for  a  storm  on 
June  18,  1984-  Total  number  of  observed 
discharges  varied  from  32  discharges  in  24 
minutes  for  a  storm  on  June  18,  1984  to  1644 
discharges  in  81  minutes  for  the  storm  on 
June  18,  1984  and  a  maximum  flashing  rate 
of  49  discharges  perminute  was  also  observed 
in  this  storm.  The  average  flash  rate  per 
minute  for  each  storm  was  calculated  and  it 
was  found  to  vary  from  1.3  flashes  per 
minute  to  20*3  flashes  per  minute.  The 
average  of  the  averages  comes  out  to  be  8 
flashes  per  minute. 


FIG-2 


Fig.2  Interflash  time  interval  versus 
Number  of  discharges. 


Global  values  of  flash  rate  given  in  /7/  is 
3  flashes  per  minute,  in  /8/  50  flashes 
perminute  (maximum  value),  from  satellite 
observations  over  300+  of  equator  /9/  a 
value  of  5  flashes  per  minute  was  reDorted* 
From  the  tropical  zone  the  only  available 
values  are  in  / 2/  3  flashes  per  minute  and 
in  /3/  8  flashes  per  minute  (median  value). 
Our  average  value  of  8  flashes  per  minute 
agrees  very  well  with  the  value  reported  in 
/3/  for  thunderstorms  over  Banglore. 

Electric  field  changes  In  all  the  atoms 
recorded  the  reversal  of  the  sign  of  the 
electric  field  took  place  as  the  storms 
approached  the  observing  station  and  the 


field  again  reversed  its  sign  as  the  storm 
receded  from  the  station.  It  was  seen  that 
in  all  the  overhead  discharges  the  electric 
field  observed  was  negative  and  this  is  in 
good  agreement  with  the  observations  repor¬ 
ted  in  /10/.  Fig. 3  gives  the  histogram  of 
the  negative  field  changes  observed  to  the 
total  number  of  flashes.  It  is  seen  that 
most  of  the  flashes  produced  a  field  change 
ranging  from  0-1  KV/m  and  the  maximum  obse¬ 
rved  field  change  was  in  the  range  6*5  to 
7  KV/m.  Fig- 4  shows  a  histogram  of  the 
observed  positive  field  changes  to  the 
total  number  of  flashes*  Most  of  the  fla¬ 
shes  produced  field  changes  ranging  from 
0-500  v/m  and  the  maximum  observed  field 
change  ranged  from  1.5-2  KV/m. 


012345678 

ELECTRIC  FIELD  CHANGE 
(KV/M) 


FIG.  3 


Fig. 3  Electric  field  change  (negative)  for 
the  observed  discharges. 


From  the  theortical  calculations  given  in 
/ 6/  cloud  to  ground  discharges  lowering 
negative  charge  to  the  ground  exhibt  posi¬ 
tive  field  change  at  all  distances  from 
the  point  of  observation.  The  works  of 
numerous  other  workers  in  the  middle  and 
higher  latitudes  show  that  negative  charge 
is  lowered  in  a  cloud  to  ground  discharge. 
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For  cloud  to  ground  discharges  very  near 
to  the  observing  point  the  value  of  field 
change  should  be  much  larger  than  1  KV/m. 
The  value  decreases  with  increasing  dista¬ 
nce.  The  number  of  observed  positive  field 
changes  with  values  greater  than  1  KV/m 
when  the  storm  was  overhead  were  quite 
small.  It  can  then  be  very  correctly  said 
that  more  than  15yl  of  the  lightning  dis¬ 
charges  in  the  tropics  are  intracloud  dis¬ 
charges. 


ELECTRIC  FIELD  CHANGE 
(KV/M) 


FIG-  4 


Fig-4  Electric  field  change  (positive)  for 
the  observed  discharges. 

Field  reversal  distance  !-  Distance  to  the 
discharges  were  obtained  from  the  simulta¬ 
neous  records  of  electrostatic  fields  and 
thunder.  In  Fig. 5  the  negative  field 
changes  have  been  plotted  as  a  function  of 
distance.  The  straight  line  represents  the 
least  square  fit  to  the  observed  data* 

This  straight  line  cuts  the  X  axis  at  11.2Km, 
which  is  field  reversal  distance.  For 
tropical  thunderstorms  a  value  of  11.2  Km, 
has  been  reported  in  /5/. 

Charge  destroyed  : -  From  the  measurements 
of  magnetic  fields  produced  by  intracloud 


discharge  for  tropical  thunderstorms  an 
average  inclination  of  lightning  discharge 
was  reported  in  /ll/  to  be  20°  from  the 
vertical  with  a  median  value  of  13°.  In 
our  observations  we  have  obtained  the  maxi¬ 
mum  length  of  the  channel  to  be  14  Km.  Such 
channel  lengths  are  unusual  and  they  can  be 
attributed  to  horizontal  lightning.  Such 
horizontal  channels  have  actually  been  ob¬ 
served  and  have  been  reported  /12,  13/.  For 
the  calculation  of  the  charge  destroyed  in 
intra cloud  discharges  we  have  assumed  that 
the  channel  is  vertically  oriented  and 
therefore  have  neglected  those  discharges 
for  which  the  observed  channel  length  was 
greater  than  5  Km. 


DISTANCE  ,  km 
FIG. 5 


Fig. 5  Electric  field  change  versus 
distance  to  the  discharge* 


Our  records  show  that  for  overhead  intra- 
cloud  discharges  the  field  change  produced 
was  predominantly  negative.  This  could  only 
be  possible  if  the  negative  charge  was  being 
transported  from  the  lower  negative  charge 
centre  to  the  upper  positive  charge  centre 
of  the  cloud  /10,  14/.  To  estimate  the  value 
of  charge  destroyed  in  an  intracloud  dis¬ 
charge  we  have  used  the  model  given  in  /14/ 
for  a  discharge  propagating  from  the  lower 
negative  charge  centre  to  the  upper  positive 
charge  centre.  The  net  electrostatic  field 
can  be  written  as 
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E  =  2p 


_i _  (H-h-x)  h 


h+x)2+D2  l/h2+  D2  /(h2+D2)3 


(H-h)  h 
|/(H2+D2)3 


>(2) 


where  H  and  h  are  the  distances  of  the 
upper  positive  and  lower  negative  charge 
centres  from  the  ground,  D  the  horizontal 
distance  from  the  point  of  observation  to 
just  below  the  charge  centre,  and  x  the 
distance  of  a  channel  segment  from  the 
lower  negative  charge  centre.  The  maximum 
value  of  x  can  be  L«  The  geometry  of  such 
a  model  is  shown  in  Fig«6- 


From  the  geometry  of  the  figure  one  can 
write 


H-h  =  L 
D2+h2  =  r 

D2+H2  =  r: 


pL  =  Q 


••(3) 

••(4) 

..(5) 

••(6) 


Substituting  equations  3-6  in  Fig2  we  have 

i- •<’> 

H  J 


_|/(  h+x)  2+D2 


T 


Fig«6  Geometry  of  the  model  for  vertical 
discharge. 


Substituting  the  values  of  E,  L,  rH  and  rh 

for  each  lightning  discharge,  the  value  of 
the  charge  destroyed  were  calculated.  The 
values  of  the  charge  destroyed  varied  from 
0«14  C  to  26-03  C  with  an  average  value  of 
6  C*  After  reviewing  the  available  litera¬ 
ture  the  average  value  was  reported  in  /15/ 
to  vary  from  6  C  to  60  C  for  intracloud 
discharges. 


The  net  electrostatic  field  change  is  ob¬ 
tained  from  the  difference  in  the  field  at 
x=0  and  x=L  and  comes  out  to  be 
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Abstract  -  This  paper  describes  the  United  States  Army  Missile  Command  Lightning  simu- 
lation  Test  Facility  located  at  Redstone  Arsenal,  Alabama.  The  Lightning  Test  Facility 
is  used  to  qualify  missile  systems  to  their  design  specifications. 

The  facility  can  simulate  a  high  rate  of  rise  near  strike  by  providing  200 
Kiloampere/microsecond  through  a  vertical  column  near  the  system  under  test. 

The  facility  can  provide  a  high  rate  of  rise  direct  strike  by  providing  200 
Kiloampere/microsecond  through  a  plasma  arc  directed  on  to  the  system  under  tost. 

The  facility  can  provide  for  direct  strike  high  current  testing  by  injecting  up  to  200 
Kiloamperes  of  peak  current  into  the  system. 

The  facility  can  provide  for  direct  strike  attachment  point  studies  utilizing 
electrical  arcs  up  to  12  feet  in  length. 

The  high  rate  of  rise  (200  Kiloampere/mirosecond)  forms  the  leading  edge  of  a  pulse 
that  extends  beyond  a  peak  current  of  30  kiloamperes.  There  is  no  other  known 
lightning  simulation  test  facility  capable  of  providing  these  current  characteristics. 

These  currents  and  amplitudes  are  made  possible  by  a  large  peaking  capacitor.  The 
capacitor  is  formed  by  a  square  wire  mesh  50  meters  long  on  each  side  suspended  10 
meters  above  a  metal  ground  sheet.  A  high  voltage  (up  to  3  million  volts)  capacitor 
bank  is  located  within  the  peaking  capacitor.  A  large  electrode  provides  a  discharge 
current  path  from  the  elevated  mesh  through  a  plasma  arc  to  the  metal  ground  sheet. 
During  near  striwe  tests  the  electrode  is  mounted  at  the  edge  of  the  peaking  capaci¬ 
tors.  Electromagnetic  fields  radiating  from  the  electrode  illuminates  test  specimens 
located  nearby  and  outside  the  peaking  capacitor.  During  direct  strike  tests  the  test 
specimens  are  located  beneath  the  electrode  such  that  currents  pass  from  the  mesh 
through  the  electrode,  through  a  plasma  arc,  through  the  test  specimen  and  into  the 
metal  ground  sheet. 

Glass  fiber  optic  data  links  provides  for  remotely  monitoring  the  characteristics  of 
the  simulated  lightning  and  its  imoact  on  the  equipment  under  test.  A  unique  two  (2) 
fiber  link  is  normally  used.  One  fiber  transmits  data  and  the  other  is  for  remote 
control  of  the  Instrumentation  within  the  equipment  under  test. 

All  data  is  normally  acquired  in  a  digital  format  by  transient  waveform  digitizers. 

The  data  is  stored  on  computer  disks. 

Computer  analysis  is  available  immediately  after  each  simulated  lightning  strike. 

Plots  and  tables  of  measured  voltage  snd  current  wave  forms  in  report  quality  final 
form  may  be  reviewed  and  testing  redirected  if  necessary.  Extrapolations,  inter¬ 
polations  and  other  data  analysis  techniques  common  to  computers  can  be  utilized 
interactively  during  the  testing  to  provide  maximum  test  results  during  minimum  test 
times. 


LIGHTNING  SIMULATION  TEST  FACILITY:  The  pur- 
pose  of  this  paper  is  to  describe  the 
lightning  simulation  test  facility  at  the  US 
Army  Missile  Command  (MIC0M).  This  facility 
consists  of  a  unique  lightning  simulator  and 
the  unique  instrumnetatlon  for  data  collec¬ 
tion  and  analysis.  The  lightning  simulator 
(Figure  1)  is  essentially  the  same  as  that 
previously  used  as  reported  in  the  1984 
Conference  Proc  idures  (1).  One  noticeable 
difference  in  this  arrangement  and  that  pre¬ 
viously  reported  on  is  the  rectangular  shape 


of  the  Marx  generator  and  its  physical  loca¬ 
tion  and  attachment  point.  The  Marx  genera¬ 
tors  -  ther^  are  two  (2)  generators  now 
availab  °  tc  MIC0M  -  will  be  mounted  in  a 
horizonta  position  at  the  side  of  the 
complex  an  then  erected  and  attached  to  the 
side  of  the  upper  plate  when  in  use.  The 
parallel  plate  screen  is  identical  in  size 
(i.e.  50m  x  50m)  and  it  remains  ten  (10) 
meters  above  the  ground  plane.  The  tapered 
feed  (Figure  2)  remains  the  same. 
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The  Marx  generator,  previously  made 
available  through  Lightning  and  Transients 
Research  Institute  of  St.  Paul,  Minnesota, 
has  been  replaced  by  two  (2)  Marx  generators 
built  by  MICOM  (see  Figure  3)*  The  larger  of 
these  two  generators  is  capable  of  high 
voltage  (3.6  MV)  and  high  rate  of  rise  and 
will  be  used  for  destructive  testing.  The 
smaller  generator  is  capable  of  1.5  MV 
and  twice  the  current  and  can  be  used  for 
non-destructive  testing.  Figure  4  shows  the 
test  facility  with  one  pad  partially 
completed  for  accommodating  the  larger  Marx 
generator.  The  smaller  generator  will  be 
located  on  a  pad  parallel  to  the  one  seen 
here. 


UNIQUE  INSTRUMENTATION  REQUIREMENTS:  The 
Instrumentation  used  for  simulated  lightning 
testing  must  be  capable  of  making  precise 
measurements  during  an  electrical  energy 
discharge  of  millions  of  volts  potential  and 
hundreds  of  thousands  of  amperes  of  current. 
The  ranges  of  these  measurements  include 
volts  to  megavolts,  amperes  to  hundreds  of 
kiloamperes  and  time  intervals  from  nanose¬ 
conds  to  seconds  for  multiple  strokes.  High 
levels  of  electrical  interference,  commonly 
called  radio  frequency  interference  (RFI), 
are  generated.  This  RFI  makes  packaging  of 
the  instrumentation  difficult.  The  package 
must  provide  sensor  sensitivities  in  the  volt 
and  ampere  region  and  at  the  same  time  pro¬ 
vide  isolation  of  Instrumentation  electronics 
from  the  simulated  lightning  discharges  of 
megavolts  and  hundreds  of  kiloamperes. 
Telemetering  data  from  the  equipment  under 
test  (EUT)  to  remote  data  recording  and  pro¬ 
cessing  devices  is  necessary.  High  speed 
recording  equipment  capable  of  recording 
large  quantities  of  data  to  nanosecond  reso¬ 
lution  cannot  normally  be  located  within  the 
EUT.  The  electrical  character  of  the 
lightning  simulation  precludes  the  use  of 
hard  wired  or  standard  electrical  telemetry. 
Acoustic  or  pneumatic  telemetry  links  do  not 
provide  the  necessary  frequency  response. 
Telemetry  utilizing  modulated  light  conducted 
through  glass  fiber  optics  appears  "-o  be  the 
best  technique  presently  available  for  tele¬ 
metering  data. 


GLASS  FIBER  OPTIC  DATA  LINK:  Most  present 
fiber  optic  telemetry  data  links  utilze  a 
time  based  modulation  scheme  to  eliminate 
errors  Introduced  by  variations  in  the  light 
conducted  through  the  fiber  optic  path  due  to 
such  things  as  connectors,  fibers,  ambient 
conditions,  and  etc.  Also  they  are  used  to 
provide  for  transmission  of  steady  state  or 
direct  current  voltage  (DC)  values  without 
being  effected  by  DC  drift  of  the  data  link. 
Fiber  optic  links  utilizing  Pulse  Code 
Modulation  (PCM)  techniques  are  the  most 
popular  because  of  their  large  dynamic  range. 
Unfortunately,  at  this  time  PCM  analog  to 
digital  (A/D)  encoders  fast  enough  to  provide 
the  required  time  resolution  oannot  be  made 
small  enough  to  be  located  within  the  EUT. 
However,  the  state  of  the  art  is  changing 
rapidly  such  that  these  encoders  may  be 
available  in  the  very  near  future.  Fiber 


optic  links  utilizing  frequency  Modulation 
(FM)  techniques  are  available  in  sufficiently 
small  sizes  and  have  been  utilized  by  the  US 
Army  Missile  Command  (ISA  MICOM)  for  twenty 
(20)  years  in  the  measurement  of  missile  RFI 
as  the  result  of  adjacent  radio  and  radar 
operations.  Presently,  these  links  cannot 
provide  the  necessary  frequency  response  and 
have  dynamic  range  limitations. 

A i  amplitude  modulated  (AM)  fiber  optic 
data  link  utilizing  two  fibers  appears  to  be 
the  best  telemetry  link  presently  available 
for  lightning  testing.  Such  a  system  is  pre¬ 
sently  available  and  is  currently  being  used 
by  USA  MICOM.  These  links  can  be  used  for 
simulated  or  directed  lightning  tests.  The 
two  fibers  are  necessary  to  provide  compen¬ 
sation  for  inadvertent  variation  in  the  light 
data  transmissions  and  to  provide  adjustments 
in  system  sensitivity  as  required  for  the 
dynamic  range.  One  fiber  (f',rst  fiber)  is 
uoed  for  data  transmission  for  the  telemetry 
transmitter  located  in  the  EUT  to  the  remote 
receiver/controller  located  in  the  data 
recording  and  processing  area.  The  other 
fiber  (second  fiber)  is  us«.d  for  system 
control  between  the  telemetry 
receiver/controller  and  the  telemetry 
transmitter.  The  telemetry 
receiver/co. itroller  can  sen  le  inadvertent 
variations  in  the  data  transmission  through 
the  f i i  **t  fiber  and  can  provide  compensation 
for  this  'ariation  utilizing  the  second 
fiber.  This  can  be  done  automatically  and 
provide  automatic  optical  gain  control. 
Dynamic  range  changes  can  be  made  by  changing 
controx  setting  at  the  telemetry 
receiver/controller.  The  second  fiber  can 
transmit  sensitivity  change  commands  from  the 
telemetry  receiver/controller  to  the  tele¬ 
metry  transmitter  where  attenuators  are 
inserted  or  removed.  These  control  settings 
can  be  entered  manually  or  by  computers  uti¬ 
lizing  a  variety  of  techniques  (IEE  488, 
etc.).  A  special  low  frequency  version  of 
the  data  link  is  available  with  a  low  fre¬ 
quency  limit  of  0.1  Hz.  The  upper  bandwidth 
limit  is  approximately  150  MHz.  The 
transmitter  reportedly  has  been  tested  by 
electrostatically  discharging  two-inch  to 
three-inch  arcs  without  introduction  of 
interference  into  the  telemetry  data.  Unique 
differential  or  single  ended  voltage  probes 
are  available  from  fiber  optic  telemetry 
manufacturers.  Current  probes  are  available 
from  a  variety  of  manufacturers. 


DATA  RECORDING/ANALYSIS:  Analog  data  from 
the  fiber  optic  data  links  can  be  digitized 
by  high  speed  A/D  converters  in  the  data 
recording  and  processing  areas.  The  combined 
fiber  optic  A/D  converter  system  can  provide 
data  with  a  frequency  response  exceeding  150 
MHz.  The  digitized  data  can  be  stored  in 
computer  memory.  A  computer  utilizing  spe¬ 
cialized  programs  provides  processing  and 
presentation  of  data  in  report  quality. 


PRESENT  SYSTEM  DESCRIPTION:  A  block  diagram 
ot  the  present  USA  MICOM  lightning  instru¬ 
mentation  system  is  shown  in  Figure  5.  A 
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picture  of  a  complete  fiber  optic  data  link 
(current  probe,  fiber  optic  transmitter, 
optional  fibers,  and  receiver /controller)  is 
shown  in  Figure  6.  A  picture  of  a  complete 
fiber  optic  data  link  with  the  current  probe 
and  transmitter  located  in  a  break  out  box 
for  testing  is  shown  in  Figure  7.  A  picture 
of  a  fiber  optic  receiver/controller 
installation  with  A/D  system  is  shown  in 
Figure  8.  The  computer  installation  for  data 
recording,  processing,  and  analysis  is  shown 
in  Figure  9. 
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MARX  ATTACHMENT  POINT 


FIGURE  1.  DIRECT  STRIKE  TEST  CONFIGURATION 


(B>  NEARBY  STRIKE  CONFIGURATION 
AND  ELECTRODE  DETAIL 


FIGURE  3.  MARX  GENERATORS 


FIGURE  2.  PLAN  VIEWS  -  TEST  CONFIGURATION 


FIGURE  4.  TEST  FACILITY  - 

LIGHTNING  SIMULATOR 
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FIGURE  5.  INSTRUMENTATION  BLOCK  DIAGRAM 


FIGURE  6.  FIBER  OPTIC  DATA  LINK 


FIGURE  7.  FIBER  OPTIC  DATA  LINK  WITH  BREAK-OUT  BOX 


FIGURE  B.  FIBER  OPTIC  RECEIVER/CONTROLLER  WITH 
A/D  SYSTEM 


FIGURE  9.  COMPUTER  INSTALLATION 
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Abstract 


It  has  been  verified  through  analytical  and  smaller  scale  experimental  studies  that  a  NEMP- 
type  peaking  capacitor  could  be  coupled  with  a  high  voltage  EMP  simulator  to  provide  the  fast 
current  rlsetimes  that  have  been  observed  during  recent  ground  and  in-flight  lightning  research 
programs.  The  Atmospheric  Electricity  Hazards  (AEH)  Group  of  the  Air  Force's  Wright  Aeronautical 
Laboratories  has  built  and  demonstrated  a  fast  risetime  generator,  using  a  peaking  capacitor  which 
is  capable  of  applying  currents  of  20  kA  to  40  kA  with  rlsetimes  of  100  nsec  to  200  nsec  onto  an 
operational  aircraft.  The  generator  was  used  during  1984  for  lightning  simulation  tests  on  the 
specially  instrumented  FAA  CV-580  lightning  research  aircraft,  a  GF-16  prototype  aircraft  and  a 
specially  instrumented  lightning  strike  object  (LSO)  in  a  coaxial  geometry  return  path. 


Introduction 

Recent  lightning  characterization  programs  by 
the  Flight  Dynamics  Laboratory  of  the  Air  Force 
Wright  Aeronautical  Laboratories  and  NASA  have 
revealed  that  the  rlsetimes  of  lightning  return 
stroke  components  can  be  on  the  order  of  100  nano 
seconds  (1,2),  a  full  order  of  magnitude  faster  than 
the  previously  accepted  risetime  of  one  microsecond. 
The  faster  rlsetimes  can  excite  natural  aircraft 
resonant  frequencies  resulting  in  more  energy  at 
these  frequencies  coupling  into  the  aircraft  via 
aperture  penetration  of  electric  and  magnetic 
fields.  Most  impulse  generators  for  lightning 
simulation  are  designed  for  rlsetimes  of  1  to  2 
microseconds  and  because  of  inherent  generator 
resistances  and  inductances  cannot  readily  achieve 
the  faster  rlsetimes  of  the  newly  revealed  threat. 
The  addition  of  NEMP  type  distributive  peaking 
capacitors  provides  an  economical  approach  to 
modifying  the  generators  to  produce  the  faster 
rlsetimes. 

Design  Approach 

The  basic  design  of  the  fast  risetime  generator 
was  provided  under  contract  by  Lightning  and  Trans¬ 
ients  Research  Institute  (LTRI)  and  Electro  Magnetic 
Applications,  Inc.  (EMA)  (3).  The  actual  design  of 
the  final  peaking  capacitor  was  developed  by  the  Air 
Force  AEH  Group. 

1.TR1  and  EMA  conducted  analytical  and  smaller 
scale  experimental  studies  on  the  full  scale  NEMP 
type  lightning  simulator  for  aerospace  vehicles. 
These  studies  verified  that  the  NEMP  type  capacitor 
approach  could  be  used  for  lightning  simulators  and 
provide  an  order  of  magnitude  improvement  in  current 
risetime*  over  existing  lightning  simulators. 

With  this  confidence,  the  AEH  Croup  performed  a 
parametric  study  of  the  generator  using  a  three 
branch  lumped  parameter  RLC  representation  of:  the 
generator  with  resonant  charging  inductance,  Lg,  and 


resistance  R  ;  the  peaking  capacitor;  and  the  load 
as  shown  in  figure  1 . 

Although  the  approach  neglects  the  coaxial 
transmission  line  characteristics  of  a  typical 
aircraft  and  return  paths,  it  does  provide  a  first 
order  parametric  analysis  of  the  effects  of  changing 
various  circuit  values. 

A  bulk  Inductance  of  6  u  H  to  12  W  H  and  a 
characteristic  surge  Impedance  of  75  £1  to  130  SI  are 
common  in  many  simulator  set-ups  involving  a 
complete  aircraft  as  the  test  object.  The  RLC 
parameters  of  the  high  voltage  Marx  generator  were 
set  by  the  generator's  design.  The  value  of  the 
distributive  peaking  capacitor,  1  nanofarad,  was 
suggested  by  the  LTRI  and  EMA  study.  The  value  of 
10  pH  for  the  resonant  charging  inductor  between  the 
Marx  and  peaking  capacitor  was  chosen  based  on  the 
results  of  the  overall  parametric  study.  The 
results  of  the  study  for  the  load  representations  of 
Lj  ■  6  pH,  12  uH  and  7.  -  75  0,  130  0  are  presented 
in  Table  1  through  4.  The  predicted  waveforms  for 
these  values  are  presented  in  Figures  2  through  5. 

From  these  tables  one  can  see  that,  due  to 
resonant  charging,  the  peaking  capacitor  charges  to 
a  voltage  1.6  times  the  original  voltage  on  the 
Marx.  Careful  consideration  is  required  not  to 
overvoltage  the  peaking  capacitor.  In  the  ideal 
case,  no  resistances,  the  peaking  capacitor  voltage 
can  approach  2  times  the  Marx  voltage,  if  Cp<<  Cm. 

The  typical  computed  waveforms  for  two  cases 
are  compared  with  actual  test  waveforms  from  the 
CV-580  lightning  simulation  tests  in  Figures  6  and 
7.  In  the  first  case.  Figure  2,  the  output  Rap  of 
the  peaking  capacitor  is  shorted  such  that  the 
peaking  capacitor  has  little  effect  on  the  output  of 
the  generator.  Without  the  peaking  capacitor,  the 
Marx  produces  a  current  pulse  of  23.4  kA  with  a 
risetime,  101  to  90Z,  of  500  nanoseconds.  In  the 
second  case,  Figure  7,  an  output  gap  of  45  inches  is 
Inserted  at  the  output  of  the  peaking  capacitor. 
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The  output  peaking  capacitor  gap  of  45  inches 
results  in  gap  breakdown  at  a  little  over  2  million 
volts,  about  the  same  as  the  original  voltage  on  the 
Marx.  Had  the  peaking  capacitor  charged  to  its 
maximum  voltage,  it  would  have  charged  to  3.2 
million  volts.  With  the  peaking  capacitor  charged  to 
2  million  volts  the  generator  produces  an  output  of 
34  kA  with  a  risetime,  10Z  to  90Z,  of  165 
nanoseconds.  Comparing  the  two  waveforms,  the 
effects  of  adding  the  NEMP  type  distributive  peaking 
capacitor  is  dramatically  illustrated.  Once  the 
Marx  has  erected  the  peaking  caoacltor  charges, 
while  the  shorted  signal  has  already  begun  to  rise. 
After  approximately  600  nsec  the  peaking  capacitor 
is  charged  and  self-breakdown  of  the  output  gap 
occurs,  providing  an  impulse  with  a  much  faster 
risetime. 

Construction  of  the  Peaking  Capacitor 

Two  engineering  constraints  strongly  influenced 
the  final  design  of  the  fast  risetime  generator. 
The  first  was  the  requirement  to  stand-off  4  million 
volts.  The  second  was  the  need  for  the  generator  to 
operate  in  the  AEH  Group's  test  facilities  with 
ceilings  as  low  as  22  feet  high.  The  final  design 
of  the  peaking  capacitor  is  shown  in  Figure  8. 

The  peaking  capacitor  is  a  4  million  volt 
distributive  capacitor  comprised  of  four  parallel 
legs  of  forty  100  KV,  .01MFD  capacitors  arranged  in 
series  (4  million  volts).  The  160  capacitors  have 
an  equivalent  capacitance  of  1  nanofarad.  The 
capacitors  are  mounted  in  a  zig-zag  fashion  for 
space  economy,  between  fiberglass  channels  which  are 
compressed  together  using  permali  rods  as  bolts.  A 
copper  sleeve  couples  the  high  energy  ends  of  the 
feur  series  arrays  at  the  Marx  input  to  the  peaking 
capacitor.  The  series  legs  first  are  oriented 
towards  the  Marx  and  then  expand  outward  surrounding 
the  final  output  spark  gap  to  points  on  a  concentric 
circle  from  the  output  of  the  gap,  where  they  meet 
the  return  paths  of  the  simulator  set-up. 

The  final  output  spark  gap  that  ultimately 
determines  the  final  charge  of  the  peaking  capacitor 
uses  18  inch  diameter  spherical  brass  electrodes 
enclosed  in  a  500  gallon  fiberglass  storage  tank. 
The  tank  rests  on  scissor  jack-like  stands  that  can 
be  lowered  for  transportation  of  the  peaking  capaci¬ 
tor  or  mating  the  peaking  capacitor  to  other  test 
objects. 

The  10  pH  resonant  charging  inductor  is 
comprised  of  soft  copper  tubing  rolled  around  a 
varnished  cardboard  concrete  column  mold.  The 


peaking  capacitor  also  incorporates  a  current  shunt 
in  the  pipe  which  forms  the  final  output  connection 
from  the  output  spark  gap  to  the  aircraft  being 
tested.  This  shunt  uses  a  pneumatically  operated 
fiber  optics  transmitter  to  bring  the  output 
waveform  from  the  peaking  capacitor.  For  shielding, 
the  transmitter  itself  is  mounted  inside  the  output 
pipe. 

Future  Development 

LTRI  is  presently  under  contract  to  the  Air 
Force  AEH  Group  to  develop  a  crowbar  switch  that  is 
capable  of  being  used  with  the  peaking  capacitor. 
The  inclusion  of  this  crowbar  switch  will  result  in 
a  waveform  that  will  have  a  fast  risetime,  but  have 
a  slower  decay  time  that  would  more  closely  approxi¬ 
mate  the  classic  double  exponential  lightning  threat 
waveform  used  in  lightning  simulation  testing.  (4). 

Conclusion 

The  AEH  Group  of  the  Air  Force  Wright  Aeronau¬ 
tical  Laboratories  has  built  and  demonstrated  a  NFUP 
type  peaking  caoacitor  to  provide  an  order  of  magni¬ 
tude  improvement  in  current  risetimea  over  existing 
lightning  simulators.  The  peaking  capacitor  has 
been  coupled  with  a  high  voltage  Marx  bank  to  form  a 
fast  risetime  generator.  Risetimes  on  the  order  of 
100  to  200  nanoseconds  have  been  achieved  with 
magnitudes  between  20  and  40  kA.  Future  development 
of  the  fast  rlsetlmc  generator  Includes  the  addition 
of  a  crowbar  switch  to  the  peaking  capaci"or. 
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mRX  PEAKING  SIMULATOR  RE  TUNS 

BA**  CAPACITOR  AN)  AIRCRAFT 

Fig.  1  Lumped  RLC  Representation  of  the  Generator  and  Load 
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IMPLEMENTATION  OF  A  CROWBAR  SWITCH  IN  A  MARX  GENERATOR/PEAKING  CAPACITOR  LIGHTNING  SIMULATOR 
SYSTEM 

R.A.  Perala,  P.M.  McKenr.a,  T.H.  Rudolph  and  J.D.  Robb* 

Electro  Magnetic  Applications,  Inc.,  P.O.  Box  26263,  Denver,  Colorado  80226,  U.S.A. 

*Lightning  and  Transients  Research  Institute,  2531  W.  Summer  Street,  St.  Paul,  Minnesota  55113,  U.S.A. 

ABSTRACT  -  There  is  a  growing  interest  in  the  development  of  simulators  which  can 
properly  excite  an  aircraft  with  a  lightning-like  current  and  voltage  pulse.  In 
previous  investigations  [1-5],  the  use  of  a  high  voltage  Marx  generator  with  a 
peaking  capacitor  output  has  been  shown  to  provide  sufficiently  large  values  of 
I,  H,  and  E.  There  are  two  problems  which  exist,  however,  with  that  approach. 

First,  there  are  some  spurious  resonances  Introduced  by  the  interaction  of  the 
test  object  with  the  simulator,  and,  second,  the  late  time  waveform  Is  a  damped 
sinusoid  with  a  frequency  too  high  to  investigate  low  frequency  coupling  effects 
in  composite  aircraft.  In  the  work  reported  ir.  this  present  paper,  these  two 
problems  are  addressed.  A  method  for  terminating  the  test  object  to  minimize  the 
spurious  resonances  is  presented,  and  a  crowbar  switch  is  implemented  to  provide 
a  long  late  time  damped  exponential  current. 


1  -  INTRODUCTION 

The  electromagnetic  interaction  of  light¬ 
ning  witn  aircraft  has  received  an  increasing 
amount  of  interest  in  recent  years  for 
several  reasons.  The  first  reason  has  to  do 
with  the  knowledge  of  the  environment. 

Recent  studies  have  shown  that  the  frequency 
content  of  lightning  waveforms  has  sig¬ 
nificant  amplitude  in  the  aircraft  reson¬ 
ance  region,  which  is  In  sharp  contrast  to 
previous  understanding  of  the  lightning 
environment. 

A  second  set  of  reasons  has  to  do  with  air¬ 
craft  technology.  New  and  existing  aircraft 
are  being  made  out  of  advanced  composite 
materials  because  of  their  advantageous 
strength  to  weight  ratios  when  compared 
with  metals.  A  third  reason  is  that  modern 
aircraft  are  being  equipped  with  low-level 
semiconductor  circuitry  which  have  critical 
roles  in  functions  such  as  stores  management 
and  fly-by-wire  systems.  Therefore,  a 
great  concern  arises  for  preventing  upset 
of  these  critical  digital  systems. 

Because  of  these  reasons,  it  Is  necessary 
to  develop  techniques  which  can  be  used  to 
test  aircraft  with  an  appropriate  lightning 
environment. 

An  approach  based  on  the  use  of  a  Marx 
generator  with  a  peaking  capacitor  has 
previously  been  reported  [1-5].  This 
approach  makes  it  possible  to  Inject  a 
current. with  a  rate  of  rise  exceeding 

2  x  10  A/s  Into  a  full  scale  fighter  size 
aircraft,  and  with  a  peak  current  level  on 
the  order  of  4u  xA. 

One  of  the  problems  of  the  above  approach  Is 
that  the  late  time  waveform  Is  a  damped 


sinusoid  whose  ringing  frequency  is  deter¬ 
mined  by  the  Marx  generator  capacitance  and 
the  combined  Inductance  of  the  Marx  plus  the 
aircraft  under  test.  The  frequency  of 
oscillations  is  too  high  to  permit  experi¬ 
mental  Investigations  into  redistribution 
times  of  current  on  mixed  metal  composite 
aircraft,  and  other  late  time  effects. 

This  limitation  can  be  overcome  by  shorting 
Out  the  Marx  generator  when  the  energy  in 
the  aircraft  is  close  to  the  maximum.  The 
decay  will  then  be  exponential,  because  the 
Marx  capacitance  is  no  longer  part  of  the. 
circuit.  This  shorting  of  the  Marx  is  accom¬ 
plished  by  a  "crowbar"  switch,  which 
physically  consists  of  a  triggered  gap  which 
turns  on  at  a  predetermined  time.  The  late 
time  currents  are  therefore  sufficiently  long 
to  investigate  coupling  effects  regarding 
carbon  fiber  composite  (CFC)  aircraft. 

In  this  paper,  numerical  modeling  results 
are  presented  which  Indicate  the  usefulness 
of  the  crowbar  switch  approach.  First,  the 
approach  Is  applied  to  a  uniform  cylindrical 
test  object,  in  order  to  study  responses 
which  are  not  confused  by  the  presence  of 
variations  in  a  real  aircraft  geometry.  Next, 
the  approach  Is  applied  to  a  three  dimension¬ 
al  (30)  model  of  an  F-16  aircraft. 

The  analysis  shows  that  the  crowbar  switch 
can  be  used  to  accomplish  the  desired 
objectives.  The  test  approach  does  Intro¬ 
duce  spurious  resonances  from  the  test 
fixture/aircraft  Interaction.  An  approach 
Is  also  given  for  terminating  the  aircraft 
such  that  these  resonances  are  minimized. 

It  Is  found  that  the  approach  works  quite 
well  for  a  uniform  cylinder,  but  Is  not  as 
effective  for  a  real  aircraft  geometry. 
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Experiments  are  planned  by  Lightning  and 
Transients  Research  Institute  of 
Minneapolis,  Minnesota,  to  verify  the 
analytical  results.  Unfortunately,  they 
were  not  yet  available  at  the  time  of 
publ ication. 

2  -  RESPONSE  OF  A  UNIFORM  CYLINDRICAL  TEST 
OBJECT 

A  right  circular  cylinder  test  bed  is  used 
to  provide  basic  information  for  the  res¬ 
ponse  of  an  object  in  a  candidate  simulator 
design  configuration.  The  basic  cylinder 
configuration  is  shown  in  Figure  2.1,  which 
includes  the  Marx  generator,  geometrical 
information,  spark  gaps,  and  terminations. 
This  response  is  obtained  by  treating  the 
configuration  as  a  uniform  transmission 
1  ine. 

The  model  combines  the  solutions  for  the 
telegrapher's  equations  in  the  test  fixture 
itself  with  the  solutions  for  the  circuit 
which  represents  the  Marx  generator.  The 
solution  is  accomplished  in  the  time  domain 
using  finite  difference  techniques  [6]. 

The  results  for  the  injected  current,  I,  are 
shown  in  Figures  2.2  and  2.3. 

In  Figure  2.2,  the  responses  with  and  with¬ 
out  a  crowbar  are  indicated  for  a  short 
circuited  termination  (RT  =  0).  When  there 
is  no  crowbar,  3  re  onances  are  indicated: 

1.  The  1.45  kHz  oscillation  due  to  the 
resonance  of  the  Marx  generator  with  the 
test  object. 

2.  The  1.5  MHz  oscillation  due  to  the 
resonance  of  the  peaking  capacitor  with  the 
test  object. 

3.  The  6.7  MHz  oscillation  of  the  test 
object  shorted  on  one  end  and  loaded  in  a 
2.5  nf  capacitor  on  the  other. 

The  crowbar  is  switched  on  at  the  time  of 
the  largest  peak  current.  It  is  clear  that 
the  crowbar  eliminates  the  lowest  frequency 
oscillation. 

The  other  oscillations  are  troublesome 
because  they,  too,  are  caused  by  simulator/ 
test  object  interactions.  One  approach  to 
minimize  these  resonances  is  to  provide  a 
matched  termination  impedance  (71. 4n)  on  the 
transmission  line.  The  disadvantage  of  this 
approach  is  that  the  peak  current  level  will 
be  limited  to  approximately  4  kA  (300  kV 
divided  by  71 .4n).  An  alternate  approach  is 
to  put  a  shunt  termination  inductance  L,  in 
parallel  with  the  resistance  R..  The  oliject- 
ive  in  doing  this  is  that  at  high  frequencies, 
the  line  is  nearly  perfectly  matched,  but  at 
low  frequencies,  the  termination  is  inductive. 
Thus  the  high  frequency  oscillations  are 
heavily  damped,  and  the  low  frequency  current 
discharge  of  the  Marx  generator  is  limited 
by  the  termination  inductance  and  not  the 
termination  resistance. 

Results  for  Lj  *  1  and  10  uH  are  shown 
Figure  2.3.  A  1  uH  inductance  allows  the 


highest  frequency  resonances  to  be  damped 
fairly  well,  but  the  lower  frequency  resonan¬ 
ces  are  not.  A  10  pH  inductance  will  signif¬ 
icantly  damp  even  the  lower  frequencies.  The 
price  that  is  paid  for  damping  the  oscillat¬ 
ions  is  reduction  of  the  injected  current 
amplitude.  However,  even  with  10  yH,  the 
peak  current  is  nearly  11  kA,  significantly 
higher  than  the  4  kA  one  could  obtain  with  a 
matched  resistive  termination. 

One  other  approach  which  could  be  done  would  be 
to  switch  the  crowbar  on  at  the  earliest  main 
peak.  Although  no  analysis  of  this  case  was 
done,  it  is  clear  from  Figure  2.3  that  the 
peak  current  would  be  about  9  kA  for  1  yH 
inductance,  but  only  about  6  kA  for  the  10 
yH  inductance.  The  late  time  response  would 
be  a  damped  exponential  with  superimposed 
high  frequencies  of  about  the  same  amplitude 
as  indicated  in  Figure  2.3 

The  results  show  that  the  crowbar  switch  can 
be  used  to  provide  the  desired  late  time 
response. 

3  -  THREE  DIMENSIONAL  AIRCRAFT  RESPONSE  IN  A 
FULL  SCALE  SIMULATOR 

The  modeling  approach  is  the  same  as  in  the 
previous  study  [1,2],  but  is  repeated  here 
for  convenience. 

The  three  dimensional  finite  difference 
technique  [6]  is  used  to  model  the  response 
of  a  full  size  aircraft  in  a  full  scale  sim¬ 
ulator.  The  configuration  is  shown  in 
Figure  3.1.  The  large  clearances  are  required 
to  provide  sufficient  voltage  stand  off  such 
that  arcing  of  the  aircraft  to  the  fixture 
does  not  occur.  Voltages  exceeding  6  MV  are 
expected  on  the  aircraft. 

The  aircraft  is  an  F-16,  and  the  shape  of  the 
computer  model  is  shown  in  Figure  3.2.  The 
cell  size  is  1  meter  in  the  longitudinal 
direction,  and  is  1/2  meter  in  the  other 
directions.  The  time  step  is  1  ns.  Because 
approximately  5  cells  are  required  to  re¬ 
solve  a  wavelength,  the  upper  frequency  limit 
of  the  computation  is  60  MHz.  The  erected 
Marx  voltage  is  4  MV,  and  the  output  spark 
gap  is  adjusted  to  arc  '“ver  when  the  gap 
voltage  exceeds  6  MV.  The  measurement 
point  is  the  injected  current  I. 

The  results  are  shown  in  Figures  3.3  -  3.5. 

Figure  3.3  shows  the  injected  current  for  a 
shorted  termination  with  and  without  a 
crowbar.  The  effect  of  the  crowbar  is 
clearly  seen  and  extends  the  current  out  in 
time.  There  is  a  resonant  structure  on  the 
waveform  due  to  the  natural  resonances  of 
the  aircraft  in  the  test  fixture  and  the 
interaction  of  the  aircraft  with  the  test 
configuration.  They  may  be  sunmarized  as 
follows: 

1.  The  4  MHz  resonance  is  the  resonance  of 
the  aircraft  shorted  to  the  fixture  on  one 
end  and  terminated  in  the  peaking  capacit¬ 
ance  on  vie  other  end.  This  is  roughly  a 
quarter  wave  resonance. 


ICOLSE  -  Paris  1985 


123 


2.  The  roughly  250  kHz  resonance  of  the 
Marx  capacitor  discharging  into  the  aircraft 
and  Marx  inductances. 

3.  Higher  frequency  resonances  on  the  order 
of  10  MHz  which  are  related  to  aircraft 
structure  dimensions. 

It  is  desirable  to  damp  out  the  aircraft/ 
test  fixture  resonances,  in  the  same  manner 
as  was  described  Section  2.  Figure  3.4 
shows  the  injected  current  for  different 
values  of  Ly  and  with  Ry  =  78(2  .  Figure  3.5 
shows  the  same  thing  for  Ry  =  150fi.  The 
78fi  case  seems  to  be  a  better  march,  but 
the  match  is  not  very  good  in  any  case.  The 
spurious  oscillations  are  not  greatly  damped 
in  any  case,  although  the  30  pH  inductance 
with  78 $2  seems  to  be  the  best.  The  damping 
is  not  nearly  as  good  as  was  possible  with 
the  cylindrical  geometry  previously  discuss¬ 
ed.  This  is  because  the  aircraft  is  not  a 
uniform  transmission  line,  and  the  aircraft 
impedance  seen  at  the  termination  is  a 
frequency  dependent  complex  number,  and 
cannot  be  completely  damped  with  a  resistor, 
as  is  possible  with  a  uniform  transmission 
line. 

4  -  SUMMARY  AND  CONCLUSIONS 

The  intent  of  the  work  reported  here  has 
chiefly  been  to  demonstrate  the  applicabil¬ 
ity  of  a  crowbar  switch  to  a  fast  risetime 
simulator  configuration.  The  results  indic¬ 
ate  that  the  approach  can  be  successfully 
used  to  increase  the  pulse  width  beyond  the 
time  constants  of  interest  for  testing 
composite  aircraft. 


this  approach  does  reduce  these  resonances, 
but  not  to  the  same  degree  as  was  possible 
with  a  uniform  line.  This  is  because  the 
aircraft  geometry  cannot  really  be  represent¬ 
ed  by  a  uniform  transmission  line.  However, 
it  is  believed  that  these  spurious  resonances 
might  be  reduced  with  more  judicious  choices 
for  termination  impedances  and  a  more 
detailed  test  fixture  design. 
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Figure  2.1  Basic  Cylinder  Configuration.  S,  Turns  On  When  the  C 
Voltage  Reaches  300  kV.  p 
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Figure 


.2  Current  1  for  a  Shorted  Termination,  With 
and  Without  a  Crowbar  Switch. 


Figure  2.3  Current  I  with  Rj  =  71. 4ft  and  Lt  =  10  ftH 
Both  With  a  Crowbar,  Results  for  Shorted 
Termination  With  Crowbar  Also  Shown  For 
Comparison. 


Figure  3.1  F-16  Aircraft  in  Full  Scale  Simulator. 


Figure  3.2  Three  Dimensional  Finite  Difference  Model  of  F-16 
Aircraft  in  Test  Fixture. 
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Figure 


3.3  1  for  Short  Circuited  Termination  With  and 

Without  a  Crowbar. 


Figure  3.5  I  with  150  a  Termination  and  Different 
Values  of  the  Shunt  Inductance. 
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THE  OBSERVATION  OF  HIGH  FREQUENCY  B  AND  D  TRANSIENTS  EXCITED  ON  A  FUSELAGE 
BY  AN  IMPULSE  GENERATOR 
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Abstract 

High  frequency  transients  in  the  MHz  range  of  both  B  and  6  on  a  Hawker  Hunter  fuselage  subjected  to  a 
simulated  lightning  strike  have  been  observed.  The  magnitude  and  frequency  content  of  the  waveforms  and 
their  variation  with  position  on  the  fuselage  have  been  measured  and  a  comparison  is  made  with  various  models 
of  the  fuselage-lightning  simulator  system.  Both  distributed  and  lumped  models  of  the  transmission  line 
formed  by  tl. '  fuselage  and  the  conductors  ronnerMrs.  it  to  the  lightning  generator  give  a  reasonable 
description  o'  the  transients.  The  5  transients  occuring  were  quite  large  and  can  Induce  large  voltages  on 
exposed,  high  impedance  circuits. 


INTRODUCTION 


Investigations  of  Induced  voltages  on  aircraft 
wiring  during  whole  aircraft  simulated  lightning 
tests,  for  example  on  the  Fly-by-Wire  Jaguar 
(Ref.  1),  the  Saab  Vlggen  (Ref.  2),  on  the 
Hawker  Hunter  fuselage  at  Culham  (Ref.  3),  and 
In  tests  done  In  the  USA  (Ref.  4)  have  shown  the 
existence  of  bursts  of  HF  oscillations  In  the 
MHz  range  at  the  beginning  of  the  waveform. 

These  high  frequency  transients  are  due  to  both 
capacitive  coupling  (proportional  to  rate  of 
change  of  electric  field  6)  and  inductive 
coupling  (proportional  to  the  rate  of  change  of 
magnetic  field  £).  In  order  to  predict  what 
values  of  induced  voltage  might  be  expected  It 
is  Important  to  have  a  knowledge  of  the  values 
of  £  and  5  on  the  aircraft. 

Essentially  a  simulated  lightning  strike  to  an 
aircraft  is  obtained  by  discharging  a  capacitor 
bank  into  a  circuit  consisting  of  the  aircraft 
and  its  return  conductors.  The  resulting 
aircraft  current  waveform  contains  low  frequency 
oscillations,  in  the  10-200  kHz  range,  arising 
from  the  resonant  circuit  of  the  bank 
capacitance  and  the  total  circuit  inductance, 
and  high  frequency  oscillations  In  the  10-50  MHz 
range  during  the  first  few  microseconds,  arising 
from  the  shock  excitation  of  the  natural 
resonances  of  the  aircraft. 

Recent  work  by  Burrows  (Ref.  5)  and  Evans  (RAE 
Farnborough,  Private  Communication)  has 
attempted  to  calculate  In  tome  detail  the 
magnitude  and  shape  of  these  high  frequency 
current  transients  In  an  Idealized  aircraft 
structure  and  the  resultant  I,  6  waveforms. 

This  present  paper  describes  measurements  of  £ 
and  b  at  varloua  positions  along  the  Hawker 
Hunter  fuselage  and  compares  the  results  with 
the  predictions. 

Until  recently  assessment  of  lightning  Induced 
effects  has  concentrated  mainly  on  the  effects 
of  magnetic  fields.  It  Is  now  thought  that 
during  a  natural  lightning  strike,  there  are 


large  values  of  D  during  the  leader  attachment 
to  the  aircraft  and  a  significant  proportion  of 
Induced  effects  can  be  due  to  this  process 
especially  In  circuits  of  high  Impedance. 

Therefore,  measurements  of  the  Induced  voltage 
on  an  open  circuit  wire  on  the  Hunter  fuselage 
have  been  made  and  we  compare  these  measurements 
with  predictions  calculated  from  the  measured  b 
values . 

THE  HAWKER  HUNTER  TEST  ASSEMBLY 

The  test  assembly  at  Culham  consists  of  a  Marx 
generator  connected  to  the  Hawker  Hunter 
fuselage  with  a  quasi  coaxial  system  of  return 
conductors  shown  schematically  in  Figure  la. 


Current 


The  wings  and  tall  fin  had  been  removed  from  the 
fuselage  and  the  cockpit  canopy  had  been 
replaced  by  an  alumlnlta  sheet  cover.  The 
fuselage  and  return  conductor  system  Is 
electrically  similar  to  a  transmission  line  with 
a  short  circuit  at  the  remote  end,  and  an 
equivalent  circuit  Is  shown  in  Figure  lb. 
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Equivolent  length -9m 


As  we  are  Interested  In  comparing  the  effect  of 
applying  a  theoretical  step  Impulse  of  voltage 
to  the  fuselage  with  experimental  behaviour, 
only  a  single  stage  of  the  Marx  generator  was 
used  In  order  to  simplify  the  actual  shape  of 
the  Impulse  applied.  The  high  voltage  switch 
was  a  triggered  spark  gap.  The  parameters  of 
the  system  were  as  follows :- 

Capacitance  -  .375  pF 

Voltage  -  50-150  kV 

Total  Inductance,  L  •  3.1  pH 

Series  damping  resistance  *  150  m0  at  147  kHz 

The  inductance,  LQ  and  capacitance  C  per  unit 
length  of  a  concentric  pair  of  cylinders  are 
given  by: 

L  -  0.2  In  ”2  pH/m 

C  «  2xto  F/m 
°  In  Rj 


With  our  geometry  R^  ■  1.3  m  and  Rj  •  0.64 

giving  L  ■  .14  pH/m 
o 

Co  ■  79pF/m 

and  a  characteristics  Impedance, 


The  fuselage  is  8  m  long,  however,  the 
protruding  wing  stubs  and  finite  diameter  of 
the  coaxial  assembly  will  effectively  increase 
the  length  of  the  transmission  line.  Therefore 
we  have  approximated  our  system  by  a  9  m  length 
of  line  of  the  above  characteristic  Impedance. 
Hence,  we  estimate  a  source  Inductance  Ls  of 
about  1.8  pH  and  a  "bothway  travel  time"  of  50- 
60  ns. 

Measurements  of  &  and  &  were  made  with 
diagnostic  probes  attached  to  the  underside  of 
the  fuselage  along  the  bottom  centre  line.  A 
side  view  of  the  fuselage  with  a  distance 
scale  ls  shown  In  Figure  2. 


DIAGNOSTIC  PROBES  AND  DATA  ACQUISITION 
fi  Probe 

The  D  probe  used  was  an  EG&G  conforming  flat 
dipole  CFD-1B.  Manufacturers  paramters  for  the 
probe  are:  rise  time  1.1  ns;  frequency  response 
300  MHz;  an  effective  area  of  10'3  m2;  and  it 
requires  a  load  Impedance  of  50  Q  giving  an 
output  of  1  V  for  a  6  of  20  A/m2.  The  ground 
plane  of  the  dipole  was  attached  to  the 
underside  of  the  fuselage.  Signs' s  from  the 
probe  were  conveyed  to  a  FOL  200  fibre  optic 
transmitter  located  Inside  the  fuselage  via  50  Q 
coaxial  cable. 

Jg  Probe 

The  Jg  probe  was  a  small  6  turn  coll  of  cross- 
sectional  area  0.7  x  10_1*  m2.  The  axis  of  the 
coll  was  aligned  at  90°  to  the  axis  of  the 
fuselage,  parallel  to  the  lines  of  magnetic 
field  around  the  fuselage.  The  signals  from  the 
coll  were  conveyed  to  a  FOL  100  transmitter 
located  inside  the  fuselage  with  an  8  m  length 
of  80  Q  screened,  twisted  pair  cable  with 
appropriate  termination  and  2  x  0-31  dB  variable 
attenuators.  The  8  m  length  of  cable  was 
attached  close  to  the  fuselage  surface.  The 
3  dB  point  on  the  frequency  response  curve  for 
the  probe-cable  assembly  was  JO  MHz.  The  probe 
gives  about  1  V  output  for  a  B  of  2300  T/s. 

B  Probe 

During  the  later  stages  of  the  program  an  EC&G 
multi  gsp  loop  ground  plane  MCL-2A  I  p.’obe  was 
obtained.  This  was  connected  to  the  FOL  200  In 
a  similar  way  to  the  b  probe.  The  probe  was 
used  as  a  check  on  the  frequency  content  and 
magnitude  of  the  waveforms  obtained  with  the  Jg 
probe.  The  probe  has  a  frequency  response 
>  2  GHz,  an  equivalent  ar.m  of  10”  ^  m2  and  gives 
1  V  output  for  a  I  of  10**  T/s.  The  waveforms 
obtained  from  t^e  J(  and  &  probes  were  similar 
except  for  the  better  frequency  response  of  the 
S  coll. 

The  FOL  100  and  200  transmitters  of  bandwldths 
100  and  200  MHz  respectively,  were  connected  via 
fibre  optic  cables  to  their  corresponding 
receiver/control  units  In  the  screened  room. 
Signals  from  them  were  connected  to  a  Tektronix 
7612  D  dltlglser  via  appropriate  plug-ln  units. 
The  digitiser  has  a  maximum  of  2048  samples  per 
channel  and  a  minimum  time  between  samples  of 
5  ns. 
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EXPERIMENTAL  RESULTS  AND  COMPARISON  WITH  "LUMPED 
ELEMENT"  AND  "LPMPED  SOURCE"  MODELS 

Typical  &  and  B  waveforms  at  10  cm  along  the 
fuselage,  essentially  at  the  Input  end,  are 
shown  In  Figure  3a  and  b.  Waveforms  were  also 
recorded  at  other  positions  along  the  fuselage. 
The  basic  shape  remained  the  same  but  the 
magnitude  of  the  different  frequency  components 
varied.  The  magnitudes  were  repeatable  to 
better  than  10Z  and  also  scaled  llnecrly  with 
the  generator  voltages  to  within  15Z  over  the 
range  of  50-150  kV. 

The  main  features  of  the  I  waveforms  are  a  low 
frequency  cosine  wave  oscillation  at  147  KHz  and 
a  large  high  frequency  component  at  9.4  MHz. 

The  6  waveform  shows  no  low  frequency  component. 
The  high  frequencies  decay  after  about  5 
microseconds.  The  time  constant  for  the  decay 
Is  2.0  ps  giving  a  HP  resistance  of  about  2  0. 
This  Is  consistent  with  the  Increase  In 
resistance  In  going  from  147  kHz  to  9.4  MHz  due 
to  the  decrease  of  skin  depth. 

A  fast  Fourier  transform  of  both  S  and  & 
waveforms  shows  a  second  high  frequency  at 
25  MHz  generally  less  then  one  tenth  the  9.4  MHz 
component.  Also  some  waveforms  show 
enhancements  In  the  range  10-12  MHz. 

The  almplest  model  of  a  simulated  lightning  rig 
la  a  "lumped  element"  model  where  a  capacitor  C 
at  potential  V  Is  discharged  through  a  load 
Inductor  L,  and  aeries  resistor  R  as  discussed 
by  Burrows  In  Ref.  5.  This  results  In  a  damped 
low  frequency  oscillation,  the  frequency  given 
by  1/2  n  n/LC.  The  peak  value  of  I  Is  given  by 
V  /L.  Clearly  this  model  cannot  predict  the  # 
high  frequency  behaviour  or  the  variation  of  I 
at  positions  down  the  fuselage. 

An  alternative  approach  proposed  by  Burrows  Is 


the  "lumped  source  model".  Provided  the  Impulse 
generator  and  Its  connecting  plates  to  the 
aircraft/return  conductor  assembly  are  kept 
small,  compared  to  the  length  of  the  aircraft/ 
return  conductor  transmission  line  (TL),  then 
the  circuit  can  be  considered  as  shown  In  Fig. 
lb.  The  generator  Is  composed  of  a  lumped 
source  Inductance,  Ls,  representing  the 
generator  and  connecting  plate  Inductance  and  a 
voltage  source  producing  a  voltage  step,  VQ  when 
the  switch  ls  closed.  The  generator  capacitance 
ls  not  represented  as  for  times  short  compared 
to  the  lumped  element  model  low  frequency  period 
of  oscillation,  the  capacitance  will  not 
discharge  appreciably.  The  load  ls  the 
transmission  line  and  the  voltage  step  will 
travel  down  the  line  towards  the  short  circuit 
end.  The  Impedance  ls  essentially  purely 
resistive  and  equal  to  Zo,  the  characteristic 
impedance  of  the  TL,  until  the  arrival  of  the 
reflected  voltage  step  from  the  short  circuit 
end  at  the  source  modifies  the  apparent 
Impedance  of  the  line.  Using  this  model  the 
initial  HF  transient  value  can  be  calculated  and 
ls  given  by: 

!  -  Vo  e'^8 

where  is  -  L2. 

4o 

Hence  the  peak  I  value  is  greater  than  the 
lumped  element  model  by  the  ratio  L/Ls.  In  our 
particular  example  we  have  a  ratio  of  3. 1/1. 8  - 
1.7. 

•  • 

The  Initial  peak  D  and  B  values  can  he 
calculated  from  the  formulae: 

B  "  ^  T/s 

2  x  Ri 


TABLE  1 

CALCULATED  VALUES  OF  !,  6  AND  I  FROM  LF  LUMPED  ELEMENT  AND  LUMPED  SOURCE  MODELS  AND  OBSERVED  VALUES  OF  6  AND 
B  AT  INPUT  END  OF  LINE  FOR  DIFFERENT  BANE  VOLTAGES 


Bank 

voltage 

LF  Lumped  element  model 
predictions  L  ■  3.1  pH 

Lumped  source  model 
predictions  La«  1.8pH 

Observed  values 
at  input  end 

MB 

I  kA/ps 

D  A/m  2 

B  T/s 

I  kA/ps 

D  A/m2 

B  T/s 

D  A/m2 

B  T/s 

H 

16.1 

13.2 

5031 

27.8 

22.8 

868S 

31.0 

m 

32.3 

26.5 

10094 

55.7 

45.7 

17406 

63.6 

150 

48.4 

39.7 

15125 

83.3 

68.3 

26031 

102.4 

U 
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D  “  £o  V  A/m2 
Rf~ln  R; 

•  • 

and  V  ■  I  Zo  for  che  initial  peak  values . 

The  low  frequency  component  of  V  across  the 
transmission  line  will  be  given  by  V  -  XuL  where 
L  Is  the  alrcraft/retum  conductor  Inductance. 

In  our  case,  with  a  frequency  of  147  kHz  and  L  “ 
1.3  PH  we  have  an  Impedance  of  1.2  Q  which  Is  35 
times  less  than  ZQ.  Hence  the  low  frequency 
content  of  the  5  waveform  will  be  such  smaller 
than  the  KF  content. 

•  •  • 

Table  1  summarises  the  peak,  I,  D  and  B  values 
calculated  with  lumped  element  and  lumped  aource 
models  for  different  bank  voltages  and,  for 
comparison,  the  observed  peak  values  of  &  and  & 
at  the  Input  end  of  the  fuselage  are  also 
shown. 

We  see  from  the  experimental  data  that  the  peak 
values  are  greater  than  the  LF  values  and  are 
more  In  agreement  with  the  predictiona  of  the 
lumped  source  model.  The  observed  values  of  & 
at  the  Input  end  are  3  dB  greater  than  the 
predicted  values  of  the  model  but  this  is 
probably  due  to  distortion  of  the  electric  field 
at  the  feed-ln  end.  The  $  values  agree  to 
within  ±  1  dB. 

Variation  of  peak  valuea  of  6  and  6  with 
position  along  fuaelage 

The  variation  of  the  peak  values  for  D  and  B 
along  the  fuislage  la  llluatrated  In  Figures  4 
and  5  reapsctlvely  for  data  taken  at  50  kV  bank 
voltage.  Alao  1.  -Heated  In  the  graphs  by 
horizontal  lines  a.«  the  values  of  6  and  &  at 
the  Input  end,  calculated  from  the  lumped 
element  (total  Inducts,  «e,  L  -  3.1  pH)  and 
lumped  aource  (Lg  ■  1.8  pH)  models  aa  discussed 
above . 


Position  m 

Fig.  4  Variation  of  peak  D  with  position  along 
fuselage.  The  experimental  data  points 
are  the  absolute  values  of  the  first 
and  second  peaks  of  the  wsveform.  The 
curves  are  the  first  and  second  peak 
values  calculated  from  the  NAF2 
computer  code  (see  key). 

We  note  that  6  Is  a  maximize  at  the  high  voltage 
end  and  minimum  at  the  short  circuit  end  as 


Fig.  5  Variation  of  peak  B  with  position  along 

fuselage.  The  experimental  data  points  are 
the  absolute  value  of  the  maximum  peak  of 
the  waveform  and  the  maximum  value  of  the 
9.4  MHz  component.  The  9.4  MHz  component 
is  the  difference  between  successive  maxima 
and  minima  and  hence  can  be  greater  than 
the  maximum  peak  If  the  following  minimum 
has  a  different  algn. 

Indeed  It  haa  to  be  aa  the  voltage  here  Is  zero. 
Similarly  B  Is  a  maximum  at  the  ahort  circuit 
end  as  the  current  Is  maximum  here.  There  is  a 
minimum  of  the  peak  S  at  2  m  and  at  1  m  for  the 
9.4  MHz  component. 

We  will  now  discuss  more  complex  models  required 
to  calculate  the  variation  of  6  and  6  along  the 
fuaelage. 

The  Distributed  TL  Model 

To  evaluate  poaalble  resonant  frequencies  we  may 
get  In  the  fuselage  we  can  consider  the  rig  as  a 
resonant  circuit  formed  by  the  TL  and  the  source 
Inductance,  Ls.  In  the  case  of  a  loaa-leas  TL 
with  a  ahort  circuited  load  the  Impedance  la 
given  by  Z  "  Zfl  tan  lii,  where  1  la  the  length 

of  line,  ZQ  Its  characteristic  Impedance  and  \ 
the  wavelength,  and  la  entirely  reactive.  If 
(n  +  1)2  ^  1  r  for  n  odd  then  the  reactance 
4  4 

la  capacitive.  In  addition  there  will  be  some 
stray  capacitance,  C,  In  connecting  plates  from 
the  Marx  generator  giving  a  total  capacitive 

reactance  of  _ 1 - and  this 

uC  +  1 

ZQ  tan  2 xl/k 

will  be  resonant  with  the  source  lndutance. 
Figure  6  shows  the  variation  of  the  total 
capacitive  reactance  and  the  aource  reactance, 
uLs  with  frequency.  Using  22pF  for  C,  9  m  for  l 
and  1.8  pH  for  Ls  we  see  that  a  reasonable  fit 
to  the  observed  resonances  of  9.4  MHz  (n  ■  1) 
and  25.4  MHz  (n  •  3)  ls  obtained.  For  9.4  MHz, 
X/4  *  8  a,  hence  there  will  be  a  node  about  1  m 
In  from  the  feed-ln  end  of  the  fuselage.  That 
ls,  at  this  point  there  will  be  a  minimus  In  the 
KF  component  of  current  and  a  maximum  In  the  HF 
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component  of  voltage.  This  Is  indeed  observed 
with  6  which  Is  proportional  to  l  and  hence  peak 
I. 


Fig.  6  The  variation  of  source  impedance  (ui,8 ) 
and  the  transmission  line  capacitive 
reactance  for  the  first  and  third 
harmonics  (Zl  and  Z3  respectively)  with 
frequency.  The  observed  resonant 
frequencies  at  9.4  and  25.4  MHz  are 
marked  on  the  wLg  line  by  dots. 

« 

D  does  not  show  a  maximum  here  probably  due  to 
the  fact  that,  near  the  high  voltage  feed-in, 
the  fuselage  cylinder  ends  abruptly  in  an  end 
plate,  hence  the  electric  field  can  be  distorted 
at  the  edge  and  made  larger. 

The  shape  of  the  waveforms  can  be  calculated  by 
summing  successive  reflections  from  either  end 
of  the  TL  and  is  discussed  further  below. 

The  discrete  element  transmission  line  model 


In  this  model  the  generator/ fuselage  system  is 
represented  by  a  circuit  as  shown  in  Figure  7. 
The  fuselage  is  approximated  by  9  equal  "L" 
sections  of  L  ■  .14  pH  and  C  «  78pF  which  are 
the  estimated  Inductance  and  capacitance  per 
metre  of  the  fuselage.  The  generator  is 
approximated  by  an  L  section  with  an  L  -  1.8  pH 
and  C  *  22pF.  The  result  of  applying  a  step 
Impulse  to  this  circuit  was  analysed  by  a 
network  analysis  computer  code  (NAP2,  Ref.  6) 
discussed  in  Ref.  5. 


Short 

circuit 


C1xC2x  Cn  x  78pF 


Fig.  7  Representation  of  fuselage-generator 

system  by  a  10  section  discrete  element 
LC  network. 

The  1st  peak  and  2nd  peak  6  values  obtained  are 
shown  by  the  curves  in  Figure  4.  The  first  peak 


value  is  always  greater  than  the  second  peak 
value,  unlike  the  observed  values  shown  In  the 
sime  figure,  which  have  a  maximum  value  at  the 
second  peak.  However,  the  variation  of  the 
values  is  fairly  well  reproduced.  The  second 
peak  shows  a  maximum  at  about  1  m  as  expected 
from  the  TL  model  but  the  first  peak  is  maximum 
at  the  Input  end  of  the  fuselage,  due  the 
sharpness  of  the  impulse  applied  and  the  small 
value  of  stray  capacitance  used  for  the  feed-ln 
plates. 

The  model  has  no  resistive  damping  and  the 
closure  time  of  the  spark  gap  is  assumed  to  be 
zero,  hence  the  rise  to  the  first  peak  at  the 
input  end  occurs  almost  instantaneously  whereas 
in  practice  &  takes  40  ns  to  reach  its  first 
maximum,  presumably  due  the  closure  time  of  the 
gap  and  perhaps,  more  stray  capacity  in  the 
generator-fuselage  connection  than  estimated.  A 
finite  closure  time  will  decrease  the  calculated 
values . 

The  peak  and  HF  values  of  B  obtained  from  the 
model  are  shown  by  the  curves  in  Figure  5.  The 
curves  fit  reasonably  well  to  the  experimental 
data,  also  shown  in  the  figure.  In  particular 
the  minimum  In  the  HF  value  Is  well  reproduced. 
The  measured  values  are  greater  than  the 
calculated  values  towards  the  nose  end  of  the 
fuselage  as  no  allowance  for  the  decrease  in 
radius  of  the  fuselage  has  been  made. 

Comparison  of  distributed  and  lumped  models  of 
the  transmission  line 


Another  approach  to  calculate  the  shape  of  the 
waveforms  is  due  to  Evans.  (RAE  Farnborough, 
Private  Communication).  Here  the  fuselage  is 
represented  bv  an  idealized  transmission  line  as 
discussed  above.  The  waveforms  are  calculated 
by  adding  successive  reflections  from  either  end 
of  the  line.  Again  the  model  does  not  take 
account  of  resistive  effects  or  the  switch 
closure  time. 

As  the  line  is  loss-less  all  frequencies  are 
equally  well  transmitted,  hence  the  initial 
sharp  rises  of  f>  and  S  are  maintained  after  any 
number  of  reflections,  and  the  resulting 
waveforms  are  fairly  spiky,  especially  the  5 
waveform,  unlike  those  actually  observed  and 
those  calculated  by  the  NAP2  computer  program. 

In  fact  the  impulse  applied  has  about  a  40  ns 
rise  to  maximum  5  and  B,  hence  the 
discontinuities  in  the  waveforms  due  to 
summation  of  the  reflected  waves  will  be 
smoothed  out.  Moreover,  the  fuselage  return 
conductor  assembly  has  protruding  wing  stubs,  a 
protruding  cockpit  and  a  tapered  section  of  the 
return  conductors  near  the  nose  of  the  fuselage 
where  the  short  circuit  is  made.  All  these 
features  will  produce  changes  In  the  Impedance 
of  the  line  In  a  distance  much  less  than  1 
wavelength,  hence  reflections  will  occur  at 
these  features  smoothing  out  even  more  the 
waveforms.  Therefore  the  uneven  nature  of  the 
fuselage  is  better  represented  by  the  discrete 
element  model  in  which  the  dominant  high 
frequency  component  is  the  fundamental  X/4 
resonance  and  the  higher  harmonics  are 
suppressed. 


ICOLSE  -  Paris  1985 


1  i 


Figure  8  shows  a  comparison  of  the  observed  5  COUPLING  TEST 

waveforms  of  5  at  the  input  end  together  with  ' 

the  predicted  waveforms  from  the  two  models.  In  reai  aircraft,  unlike  the  Hunter  fuselage 

Figure  9  shows  similar  waveforms  for  B.  which  was  completely  closed,  D  fields  can 


0  2T  4T  6T  8T  0  2T  4T  6T  8T 


Time  Time 


.  8  Comparison  of  observed  and  calculated  D 
waveforms  at  the  input  end  of  fuselage. 
The  amplitude  scale  is  abltrary. 

(a)  The  observed  waveform.  The  phase  is 
reserved  compared  to  b.  and  c.  due  to 
instrumentation. 

(b)  Waveform  calculated  from  NAP2  computer 
code. 

(c)  Waveform  taken  from  Evans.  For  this 
plot  the  timescale  is  In  multiples  of  T 
(■  53ns),  the  bothway  travel  time  of 
signals  on  the  fuselage.  The  waveform 
is  for  L/Ls  *1.  In  our  case  L/La  • 
1.7.  This  will  Increase  even  more  the 
sharpness  of  the  waveform. 


Fig.  9  As  figure  8  but  for  B  waveforms. 


penetrate  apertures  which  are  not  covered  by 
conducting  sheets,  for  example  the  cockpit  and 
bays  which  are  covered  by  GFRP  or  Kevlar. 

Wiring  circuits  which  are  un-termlnated,  for 
example  wires  ending  in  the  cockpit  at  open 
switches,  are  especially  susceptible  to  D. 

A  test  on  Induced  voltages  on  open  circuit  wires 
was  made  by  suspending  70  cm  long  wires  of  two 
different  diameters  and  hence  capacitance  about 
4  cm  from  the  underside  of  the  fuselage.  One 
end  of  the  wire  was  connected  to  the  FOL  200  and 
terminated  into  440  0,  a  typical  avionic  system 
Impedance;  the  other  end  was  left  open  rlrcult. 
The  arrangement  is  shown  schematically  in  Figure 
10.  Very  large  voltages,  up  to  1  kV,  were 
Induced  on  the  wire  when  a  pulse  from  the  Marx 
generator  was  applied  to  the  fuselage. 
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Fig.  10  Schematic  diagram  of  fuselage  with 
suspended  open  circuit  test  wire. 


The  voltage  Induced  on  the  wire  can  be 
calculated  as  follows: 

The  charge  Q,  stored  per  unit  length  of  wire  Is 
related  to  the  voltage  between  It  and  the 
fuselage  by: 


Q  -  CV 

;.  I  -  (tf  for  i  <?  X 

where  C  Is  the  capscltance  per  unit  length 
between  the  wire  and  the  fuselage. 

As  the  dlmater  of  the  fuselage  diameter  of 
wire,  the  capacitance  C  per  unit  length  Is  given 
by: 


C 


~  2nt 

O 

In  4d 


where  d  Is  the  distance  between  the  wire  and  the 
fuselage  and  s  Is  the  diameter  of  the  wire  (see 
Figure  10). 

C  ~  20pF/m  for  s  »  12mm 
~  llpF/m  for  s  »  1  ns 

.'.  Voltage  measured  -  RCV  ■ 

o 

2sRd  *6 

’  In  4d 

T 

where  i  Is  the  length  of  wire  and  R  Is  the 
Impedance . 

The  measured  5  at  the  position  of  the  wire  was 
.46A/m2/kV. 

A  comparison  of  observed  and  calculated  values 
Is  made  In  Table  2.  The  values  agree  to  within 
2  dl.  The  shape  of  the  waveform  also  follows 
the  &  waveform  as  would  be  expected.  The 
predominant  frequency  Is  the  9.4  MHz  resonance 
with  a  smaller  peak  at  23  MHz. 


TABLE  2 

COMPARISON  OBSERVED  AND  CALCULATED  INDUCED  VOLTAGE 
ON  TEST  WIRE 


Diameter  of  wire 

1mm 

12mm 

Bank  voltage  kV 

50 

100 

50 

100 

Observed  voltage 
volts 

422 

813 

554 

1390 

Calculated  voltage 
volts 

351 

702 

687 

1374 

SUMMARY 


Extensive  measurements  of  £  and  D  on  the  Hunter 
Fuselage  excited  by  50  to  150  kV  Impulses  from  a 
single  stage  Marx  generator  have  been  made. 

The  peak  values  of  B  and  8  at  the  Input  end  of 
the  fuselage  are  In  approximate  agreement  with 
the  lumped  source  model  of  Ref.  5. 

The  resonant  frequencies  and  the  variation  of 
the  transient  magnitudes  with  fuselage  position 
can  be  understood  In  terms  of  a  TL  model  of  the 
fuselage  and  return  conductors. 

The  detailed  shapes  of  the  waveforms  observed  at 
different  positions  along  the  fuselage  are  more 
similar  to  those  predicted  by  the  discrete 
element  TL  model  using  ten  L-sectlon  filters 
than  a  more  Idealized  distributed  model  of  the 
fuselage.  Remaining  discrepancies  are  probably 
due  to  the  non-uniform  shape  of  the  fuselage, 
resistive  damping  and  switch  closure  time 
effects. 

The  voltage  Induced  on  an  open  circuit  wire  near 
the  fuselage  agreed  well  in  both  magnitude  and 
time  structure  with  that  calculated  from  the 
measured  6  values.  In  view  of  the  large  values 
of  voltage  Induced  (~  1000  V)  it  is  important  to 
agree  on  an  International  atandard  for  6  values 
and  to  measure  8  values  on  the  airframe  during 
whole  aircraft  tests. 
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Abstract 


Lightning  simulation  tests  were  performed  by  the  United  States  Air  Force  Wright  Aeronautical 
Laboratories  Atmospheric  Electricity  Hazards  Group  on  a  specially  instrumented  Federal  Aviation 
Administration  Convair  CV-580  aircraft.  The  mission  of  this  aircraft  Is  to  obtain  Information  on 
the  characteristics  of  airborne  lightning  attachment  to  the  aircraft.  In  June  1984,  the  aircraft 
was  subjected  to  high  current  pulses  such  as  would  be  encountered  from  lightning  return  strokes 
during  lightning  attachment.  During  these  tests  current  pulses  of  up  to  115  kA  were  applied  to 
the  aircraft.  In  October  1984,  after  the  summer  CV-580  in-flight  program  ,  additional  simulation 
tests  were  performed.  A  fast  risetime  lightning  generator  was  used  to  apply  current  pulses  of  up 
to  46  kA,  with  rlsetlmes  of  under  200  nanoseconds.  This  paper  describes  the  tests  performed,  the 
test  setups  and  a  comparison  of  the  results  from  each  of  the  tests. 


Introduction 


In  June  1984,  the  CV-580  aircraft  was  flown  to 
Wrlght-Patterson  AFB  for  Installation  of  the  data 
acquisition  equipment  needed  for  the  in-flight 
lightning  measurements  program  that  was  to  begin  in 
Summer  of  1984.  The  aircraft  was  Instrumented  for 
the  in-flight  program  to  measure  the  lightning 
current  flow  on  the  wing  tips,  the  normal  and 
horizontal  component  of  current  density  on  the 
fuselage  and  on  the  wings,  the  electrostatic  field, 
and  the  VHF  radiation  during  direct  lightning 
attachment.  More  details  on  these  sensors  and  data 
acquisition  equipment  can  be  found  In  Reference  1. 

The  objectives  of  the  lightning  simulation  tests 
that  were  performed  in  June  1984  were: 

a.  To  verify  shielding  integrity  of  sensor 
signal  cables,  data  acquisition  equipment  and 
instrumentation  power  sources  and  lines. 

b.  To  record  alactromagnetlc  signals  resulting 
on  the  aircraft  from  a  medium  level  current  pulse  to 
gain  operational  exparlence  and  to  provide  baseline 
data  for  comparison  with  succeadlng  lightning 
measurements. 

c.  To  verify  effectiveness  of  hsrdenlng 
measures  used  to  protect  the  CV-580. 

In  October  1984,  aftar  tha  in-flight 
measurements  program  in  Florida,  the  aircraft  was 
raturnad  to  Wrlght-Pattarson  for  removal  of  the  data 
acquisition  equlpmant.  Bafore  this  was  accomplished, 
another  serlas  of  lightning  simulation  tasts  was 
performed  on  the  aircraft.  A  major  dlfferance  in 
this  test  affort  was  the  use  of  a  currant  Impulse 
ganarator  capable  of  applying  a  iuu-sicrosacor.d 
rlsatlma  currant  waveform  to  the  aircraft.  This 
ganarator  was  daveloped  by  tha  Atmospharlc 
Electricity  Hasarda  Croup  to  lnvaatlgate  tha 
electromagnetic  indirect  effects  of  a  very  fast 


changing  current  pulse  on  aircraft  electrical 
circuits  (2,3).  In  addition  to  the  use  of  the  fast 
risetime  generator,  a  coaxially-configured  current 
return  path  was  fabricated  around  the  aircraft.  This 
was  used  to  aid  in  keeping  total  test  circuit 
Inductance  'ow  and  rate  of  rise  of  the  applied 
waveform  very  fast.  The  signal  outputs  of  the 
electromagnetic  sensors  on  the  aircraft  were  again 
measured.  A  number  of  representative  lightning 
current  paths  were  used.  In  a  few  cases,  the  method 
of  generator  attachment  to  the  aircraft  was  varied 
from  direct  to  arc  attachment. 

The  following  is  a  more  detailed  account  of  the 
test  efforts. 

June  1984  Tests 

Figure  1  shows  the  June  1984  test  setup.  The 
Impulse  current  generator  used  was  a  four  stage 
capacitor  bank  equivalent  to  4  pF,  200  kV.  A  heavy 
wire  meeh  screening  was  placed  under  the  fuselage  and 
wings.  The  aircraft  was  Isolated  from  ground  by 
Lexan  sheets.  The  aircraft  fuel  tanks  were  topped  up 
with  JET-A  fiel  at  Dayton  International  Airport  and 
the  aircraft  iss  flown  to  Wright-Patteraon  AFB,  where 
the  ullage  in  the  fuel  tanks  was  Inerted  by  injecting 
nitrogen  into  the  tanka  to  replaca  fuel/air  vapors. 
This  Insured  a  non-explosive  atmosphere  in  the  tanks 
during  the  test.  Table  1  lists  tha  simulation  tests 
performed  ov »r  a  three  day  period. 

The  tests  began  with  instrumentation  nolsa  tests 
at  applied  currant  pulses  of  11  kA  to  16  kA.  Power 
was  ganaratad  by  the  aircraft  APU  for  the  on-board 
instrumentation.  Thesa  nolsa  measuraments  wara  made 
with  the  sensors  dlsconnactad  from  their  cables.  The 
cables  wars  either  tarmlnated  in  opan  circuit  for  the 
E-flald  sensors,  or  short  circuit  for  tha  magnetic 
flald  and  current  sansors.  A  shielded  cap  wss  placad 
over  tha  cable  end  in  both  casas  to  Insure  all 
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extraneous  noise  pickup  would  be  characteristic  of 
the  cable  itself.  Risetime  on  the  unidirectional 
waveform  was  14  ps.  Current  paths  chosen  for  the 
noise  tests  were  nose-to-tail  and  nose-to-right  wing. 

All  sensors  were  reconnected  and  the  aircraft 
was  then  subjected  to  higher  current  levels  by 
applying  oscillatory  current  pulses  of  from  50  kA  to 
115  kA  peak.  This  was  done  to  test  the  basic 
protection  integrity  of  the  aircraft  and,  therefore, 
was  performed  without  nitrogen  injected  into  the  fuel 
tanks.  The  left  engine  was  operated  to  provide  power 
to  the  on-board  measurement  systems  for  a  more 
realistic  test.  All  measurement  systems  were 
unaffected  by  the  high  current  safety  tests. 

The  operation  of  the  on-board  measurement 
systems  was  then  observed  with  various  current  flow 
paths  on  the  aircraft.  A  number  of  current  path 
configurations  were  used  to  provide  sensor  data, 
given  any  combination  of  major  lightning  attachment 
points.  An  example  of  the  applied  current  pulse 
waveform  and  the  signals  from  the  magnetic  field 
sensors  located  on  the  fuselage  and  wings  cf  the 
aircraft  are  shown  in  Figure  2.  The  current  rises  to 
a  peak  of  20  kA  in  approximately  14  ps.  The  current 
was  applied  wing-to-wing.  The  magnetic  field 
measured  on  the  wings  is  observed  to  be  proportional 
to  the  applied  current  in  waveshape  and  magnitude. 
The  risetime  of  the  magnetic  field  waveform  appears 
to  be  slightly  faster  than  the  applied.  This  is  due 
to  a  limitation  in  the  response  of  the  magnetic  field 
sensor,  which  actually  measures  the  rate  of  rise  of 
the  magnetic  field  and  is  then  Integrated.  Magnetic 
field  for  a  uniform  current  distribution  is  1/2!. 
where  1  is  the  applied  current  and  2 1  or  8.3  meters 
is  the  wing  cross  section  at  the  location  of  the  wing 
magnetic  field  sensora.  Assuming  uniform 
disbribution,  the  magnetic  field  for  a  20  kA  peak 
current  should  theoretically  be  2410  amps/meter. 
From  Figure  2  the  magnetic  fields  measured  of  3674 
amps/meter  and  4310  amps/meter  on  the  wings  are 
within  a  factor  of  2  of  the  theoretical  value. 

At  the  end  of  the  June  ground  tests,  the 
aircraft  left  Wright-Patterson  with  the  major  ground 
test  objectives  accomplished.  The  shielding 
integrity  of  the  sensor  signal  cablea, 
instrumentation  and  power  sources  were  observed  and 
recorded.  Any  inherent  pickup  was  noted  and 
compensated  for  during  in-flight  data  acquisition. 
The  protection  hardening  measures  applied  to  the 
aircraft  were  given  a  final  test  and  no  problems  were 
observed.  Host  Important,  the  operation  of  the  data 
acquisition  system  and  the  sensors  was  monitored. 
The  tests  were  most  helpful  for  system  setup, 
choosing  trigger  levels  and  tines,  and  establishing 
an  operating  procedure  for  the  actual  in-flight 
measurement  program. 


The  fast  risetime  generator  was  used,  along  with 
the  4  UF,  200  kV,  generator,  for  additional  tests  on 
the  aircraft.  These  tests  were  performed  to  recheck 
the  operation  of  the  aircraft  sensors  and  the  data 
acquisition  equipment.  The  response  of  the  aircraft 
sensors  to  the  various  applied  waveforms  was  of 
primary  interest.  Table  2  lists  the  variations  in 
test  set  up  for  the  October  Tests.  Figure  3a  and  3b 
show  some  detail  of  the  test  setup. 

Figure  4  shows  the  fast  risetime  generator 
applied  nose-to-tail.  The  risetime  on  this  waveform 
is  200  nanoseconds  with  a  peak  current  of  39  kA. 
Assuming  H=I/2Ttr,  where  r  is  the  radius  of  the 
fuselage,  the  calculated  H  field  measured  at  a 
location  on  the  fuselage  of  10  meters  circumference 
is  3800  amps/meters.  The  magnetic  fields  measured  on 
the  forward  fuselage  and  aft  fuselage  are 
respectively  2225  amps/meter  and  2943  amps/meter, 
within  a  factor  of  2  of  the  calculated  value.  The 
wing  sensors  detected  much  lower  fields  proportional 
to  the  smaller  value  currents  that  flow  on  the  wings 
during  a  nose-to-tail  attachment. 

Another  nose-to-tail  attachment  is  shown  in 
Figure  5.  The  faster  risetime  waveform  was  produced 
by  discharging  the  high  voltage  Harx  generator  with 
the  peaking  capacitor  shorted.  In  this  case,  the 
comparison  of  theoretical  to  measured  magnetic  fields 
is  very  good.  The  theoretical  value  assuming  uniform 
current  distribution  is  2000  amps/meter.  The 
measured  magnetic  fields  on  the  forward  and  aft 
fuselage  are  2125  amps/meter  and  1859  amps/meter, 
respectively. 

Figure  6  shows  an  oscillatory  current,  supplied 
by  the  4  pF,  200  kV,  capacitor  bank,  applied 
nose-to-tail.  The  calculated  magnetic  field  at  the 
location  of  the  magnetic  field  sensors  on  the 
fuselage  is  7000  amps/meter  for  a  peak  current  of  70 
kA.  The  magnetic  fields  measured  on  the  forward  and 
aft  fuselage  are  3340  amps/meter  and  3840  amps/meter, 
respectively.  Again  using  our  simple  uniform  current 
distribution  the  calculated  and  measured  results  are 
about  a  factor  of  2  apart. 

The  fast  risetime  generator  with  a  16  kA  peak 
current  was  applied  to  the  aircraft  in  a  wing-to-wing 
configuration  as  shown  in  Figure  7.  The  calculated 
magnetic  field  for  the  wing  sensors  was  1928 
amps/meter.  The  measured  values  were  1788  amps/meter 
for  the  left  wing  and  1881  ampa/meter  for  the  right 
wing,  a  very  good  correspondence.  A  substantial 
amount  of  current  was  observed  to  flow  on  the  aft 
fuselage,  where  1288  ampa/meter  was  measured.  This 
could  be  due  to  the  influence  of  the  current  return 
path  for  the  test  setup,  which  was  in  close  proximity 
to  the  fuselage. 

Test  Vnalysls 


October  1984  Tests 

After  the  conclusion  of  the  Summer  in-flight 
lightning  measurement  program  the  CV-580  aircraft  was 
again  flown  to  Wright-Patterson  AFB  in  October  1984 
for  removal  of  the  on-board  data  acquiaitlon 
equipment.  By  this  time  the  Atmospheric  Electricity 
Hatards  Group  had  constructed  and  operationally 
teated  the  fast  rlsetlme  lightning  current  generator. 
This  generator  achieves  the  sub-mlcrosccond  rlsetlmes 
by  using  a  4  megavolt  1  nanofarad  peaking  capacitor 
coupled  with  a  6  megavolt  10  nanofarad  Marx 
generator. 


In  cor 'unction  with  these  ground  teats  an 
Electromagnetic  Analysla  was  performed  for  the  CV-580 
aircraft  using  a  three-dimensional  finite  difference 
code  (4,5).  The  aircraft  and  the  lightning  channel 
were  modelled  in  Cartesian  3-D  space  ss  illustrated 
in  Figure  8.  The  electromagnetic  analysis  was 
performed  for  nose-to-tail  lightning  strike  which  was 
modelled  ns  a  double  exponential  as  shown  in  Figure 
9.  This  waveform  has  a  peak  value  of  5.3  kA  and  a 
rlsetlme  of  1  microsecond  and  propagated  onto  and  off 
of  the  aircraft  at  the  speed  of  light.  The  waveforms 
for  the  resulting  fields  on  the  aircraft  shown  in 
Figure  10  ia  the  waveform  for  the  Integrated  magnetic 
field  at  the  location  of  the  Jgpup  sensor  on  the  top 
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of  the  forward  fuselage  and  shown  in  Figure  11  is  the 
electric  field  on  top  of  the  forward  fuselage.  The 
time  step  in  the  analysis  was  1  nanosecond  and  the 
program  was  run  for  the  first  2  microseconds  of  the 
pulse. 

One  reassuring  observation  from  these  plots  is 
that,  after  some  initial  oscillations,  the  H  fields 
which  correspond  to  the  skin  current  densities, 
basically  follow  the  shape  of  the  input  wave.  This 
was  also  shown  in  the  waveforms  of  the  simulated 
ground  tests  presented  in  this  paper.  Analysis  of 
the  CV-580  simulation  test  data  and  inflight  data 
shall  continue. 

Conclusions 

The  lightning  simulation  tests  performed  on  the 
CV-580  aircraft  were  very  useful  for  providing 
baseline  information  on  the  operational 
characteristics  of  the  data  acquisition  systems 
installed  on  the  aircraft.  The  tests  provided  the 
personnel  responsible  for  the  data  acquisition  with 
experience  in  operating  the  multi-channel  recording 
systems  under  simulated  in-flight  conditions.  In 
addition,  a  final  safety  check  of  the  aircraft  was 
made  by  applying  very  high  current  pulses.  This 
final  check,  along  with  the  safety  inspection  and 
recommendations  made  by  I.ightning  Technologies  Inc. 
insured  no  problems  would  occur  during  flight. 

The  ground  tests  performed  after  the  in-flight 
program  came  at  an  opportune  time  for  not  only 
reassessing  the  aircraft  data  instrumention  but  also 
assessing  the  operation  of  the  newly  configured  fast 
risetime  generator.  The  opportunity  to  apply  a 
number  of  different  current  waveforms  to  the  aircraft 
added  to  the  knowledge  of  the  sensor  characteristics. 

We  have  shown  a  comparison  between  the  measured 
magnetic  field  values  on  the  fuselage  and  on  the 
wings  and  the  calculated  magnetic  field  values 


assuming  a  uniform  current  distribution  on  the 
aircraft.  For  a  wing-to-wing  configuration  with  the 
wire  mesh  return  path  the  measured  fields  exceeded 
the  calculated  field  by  52%  to  78%.  However,  when  a 
coaxial  return  psth  was  used  the  measured  values  were 
between  92%  and  98%  of  the  calculated  values.  These 
data  show  the  type  of  approximation  made  when  the 
current  in  the  lightning  discharge  is  estimated  based 
on  the  measured  magnetic  field  values  in  the 
aircraft . 
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Figure  1  -  Simulated  Lightning  Test  Setup  on  the  CV-580  Aircraft,  June  1984. 


Table  1  -  Variations  In  Setup  for  June  1984,  CV-580  Ground  Teats 


Current  Path 

Impulse 

Generator 

Peak 

Current 

Klloamperes 

Notes 

Nose-to-tall 

4  MF,  200  kV 
Unidirectional 

11  kA  to 

16 

kA 

System  noise 
measurements 

Noae-to-Rlght  Wing 

II  II 

14  kA 

II 

II 

Nose-to-tall 

4  V  F,  200  kV 
oscillatory 

50  kA  to 

70 

kA 

Safety 

Engine 

test 

running 

Nose-to-rlght 

aileron 

»•  It 

75  kA 

Safety 

Engine 

test 

off 

Noae-to-horizontal 

stabilizer 

It  II 

55  kA 

l» 

II 

Noae-to-rudder 

II  II 

50  kA  to 

70 

kA 

•1 

II 

Noae-to-right 
sensor  boo* 

II  II 

115  k' 

II 

H 

Noae-to-tall 

4  uF,  200  kV 
unidirectional 

11  kA  to 

16 

kA 

All  onboard 
systems  functioning 

Left  Wlng-to-Noae 

II  II 

II  II 

II 

II 

Left  Wing-to-Rlght  Wing 

II  II 

it  n 

•1 

II 

(a)  fb) 

Figure  3  -  Simulated  Lightning  Test  Setup  on  the  CV-580  Aircraft,  Oct  1984. 


Table  2  -  Variations  in  Setup  for  October  1984,  CV-580  Ground  Tests 


Impulse 

Peak 

Current 

Current  Path 

Generator 

Ktloamperes 

Note 

Nose-to-tail 

Fast  Rise 
Generator 

20  kA  to  40  kA 

All  Onboard 

Data  Acquisition 
systems  functioning 

Upper  Radome-to- 
alngle  point  tail 
exit 

H  II 

a  ii 

II  II 

Gap  at  Radome-to-tall 

M  II 

20  kA 

•I  II 

Gap  at  Radorae-to-gap 
at  tall 

II  II 

Unsuccessful  due  to 
arcing  to  return  patl 

Noae-to-tall 

4  PF,  200  kV 
unidirectional 

20  kA 

Regular  connections 
for  return  path 

Noae-to-tall 

4|iF,  200  kV 
oaclllatory 

70  kA 

n  ii 

Top  of  fuaelage-to 

4  ur,  200  kV 

16  kA 

Change  In  current 

-vertical  atablllter 

unidirectional 

distribution 

Top  of  fuselage-to 
-vertical  atablllter 

Faat  Rlae 
generator 

30  kA 

II  II 

Noae-to-tall 

Harx  generator 
peaking  capacitor 
ahorted  out 

20  kA 

Unidirectional  pulae 

Left  Wlng-to-tall 

II  II 

20  kA 

II  II 

Left  Wlng-to-tall 

Fast  Rise 
generator 

30  kA 

Current  meaaured  at 
left  vlng 

Wlng-to-vlng 

••  ii 

20  kA 

N  M 

Wlng-to-vlng 

4  wr,  200  kV 
unidirectional 

20  kA 

II  II 

Wlng-to-vlng 

4  WF,  200  kV 
oaclllatory 

70  kA 

II  II 

Figure  5  -  Fast  Riaetime  Generator,  Peaking  Capacitor  Shorted,  Applied 
Current  Uaveforn,  Noae-to-Tail,  and  Magnetic  Field  Senaor 
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MULTIPATH  LIGHTNING  PROTECTION  FOR  COMPOSITE  STRUCTURE  INTEGRAL  FUEL  TANK  DESIGN 
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ABSTRACT 

This  paper  presents  a  design  development  approach  to  identify  failure  modes  and  incorporate  a  minimum  dual  path 
lightning  protection  system  for  composite  structure  integral  fuel  tanks. 

Lightning  protection  for  integral  fuel  tank  structure  against  the  potential  ignition  hazards  of  direct  lightning 
attachment  has  been  relatively  straightforward  for  metal  structure.  Due  to  the  homogeneity  and  excellent  electrical  conductivity  of 
metal  skin  surfaces,  single  path  protection  systems  can  be  employed.  For  example,  aluminum  skins  can  be  protected  by  sizing  the 
skin  thickness  to  prevent  skin  puncture.  In  this  case,  skin  puncture  is  the  potential  ignition  mechanism.  Since  the  material 
properties  of  aluminum  are  uniform  and  predictable,  reliable,  safe,  single  path  protection  designs  can  be  easily  developed.  These 
designs  are  essentially  maintenance  free  for  the  life  of  the  a'rplane. 

Composite  structure  is  nonhomogeneous  and  the  potential  ignition  producing  failure  modes  are  more  complex.  For 
example,  there  is  a  greater  possibility  of  undetected  damage  such  as  fiber  breakout  and  ply  delamination  during  the  installation  of 
fasteners.  Design  factors  that  may  be  structurally  inconsequential  are  critical  in  the  case  of  lightning  induced  failure.  Fiberglow, 
for  instance,  may  ignite  fuel  vapor.  The  structure  may  not  have  aluminum  structure's  inherent  "lightning  protection.”  A  design 
development  process  is  required  to  identify  the  more  complex  lightning  induced  failure  modes. 

A  multipath  lightning  protection  system  can  provide  a  lightweight,  low  cost  design.  This  design  approach  has  the 
advantage  of  using  protection  methods  that  were  previously  considered  impractical  in  a  single  path  protection  system.  The  use  of  a 
minimum  dual  path  protection  system  allows  protection  methods  to  be  used  that  are  more  compatible  with  inspection  and 
maintenance  practices. 

The  advantages  and  disadvantages  of  the  multipath  lightning  protection  concept  are  detailed  for  a  graphite-epoxy 
skin-spar  joint  located  in  a  lightning  Zone  2  swept  stroke  area. 


INTRODUCTION 

The  use  of  composite  materials  in  primary  aircraft  structure 
has  increased  over  the  past  decade.  With  the  recent  advancements  in 
fiber  technology  and  improved  resin  systems,  the  application  of 
composites  to  the  primary  wing  structure  of  large  commercial  transport 
airplanes  is  now  being  considered. 

The  need  for  lightning  protection  for  primary  structure  must 
be  evaluated  eai  ly  in  the  preliminary  design  phase  so  that  cost  effective, 
reliable  designs  can  be  developed.  Since  the  structural  wingbox  is  also 
an  integral  fuel  tank,  design  details  relating  to  lightning  induced  fuel 
ignition  are  of  primary  importance. 

For  design  purposes  it  is  assumed  that  a  combustible  mixture 
is  present  in  the  fuel  tank  at  all  times,  and  the  main  effort  in  the 
development  of  lightning  protection  systems  is  to  produce  designs  that 
eliminate  all  lightning  induced  ignition  sources  in  the  tank  area  111. 
Potential  ignition  sources  such  as  hot  spots,  skin  punctures,  and 
electrical  arcing  and  sparking  between  conductive  components  are  of 
particular  concern  for  graphite  composite  structure.  The  elimination  of 
ignition  sources  is  accomplished  by  a  detailed  study  of  the  structural 
design  followed  by  test  and  analysis  to  determine  the  sensitivity  of  the 


primary  structure  to  direct  lightning  attachment.  Critical  design  factors 
are  then  identified  and  candidate  lightning  protection  techniques  are 
developed  and  incorporated  into  the  final  design. 


DISCUSSION 

The  location  of  the  wingbox  primary  structure  and  the  fuel 
tank  for  a  typical  two-engine  airplane  configuration  (one  of  many 
configurations  being  considered)  is  shown  in  Figure  1.  The  primary 
structural  wingbox  extends  out  to  the  tip.  However,  the  fuel  tank 
portion  of  the  wingbox  ends  considerably  inboard  of  the  Zone  1  lightning 
strike  attachment  area  where  the  most  severe  lightning  attachments 
can  occur  |2).  Lightning  strikes  in  this  area  are  not  a  major  fuel  ignition 
concern  because  no  fuel  system  components  are  located  in  this  area.  The 
current  from  wingtip  lightning  strikes  will  flow  inboard  along  the  wing 
and  distribute  throughout  the  cross  section  of  the  conductive  structure. 
The  normal  structural  design  will  be  capable  of  carrying  these  lower 
currents  safely  in  the  fuel  tank  area,  and  lightning  strikes  to  the 
wingtip  do  not  present  a  critical  structural  design  problem. 
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lightning  Attachment  to  Integral  Tank  Structure 

The  most  critical  situation  occurs  when  the  lightning  channel 
can  attach  to  the  fuel  tank  skin  surfaces.  One  such  area  is  located  aft  of 
the  engine  nacelle.  The  forward  area  of  the  engine  nacelle  is  also  a  Zone 
1  area.  However,  in  this  case,  lightning  attachments  car.  be  swept  aft 
over  the  primary  wingbnx  structure  and  reattach  to  the  fuel  tank  skin 
surfaces.  This  area,  as  shown  in  Figure  1,  is  defined  as  a  Zone  2A  area 
per  AC20-53A  (2],  This  is  the  most  critical  area  of  the  wing  in  that  both 
fuel  vapor  and  the  possibility  of  lightning  attachment  are  present.  It  is 
assumed  that  the  lightning  channel  can  attach  at  any  point  in  the  Zone 
2A  area.  The  time  that  the  attachments  ren.ain  at  any  one  point  is 
referred  to  as  the  dwell  time  (3).  The  times  vary  from  less  than  1  ms  to 
20  ms  for  typical  conductive  surfaces  (11.  The  shortest  times  occur  for 
unpainted  surfaces  and  the  longer  times  occur  for  painted  surfaces.  The 
insulative  properties  of  the  paint  can  impede  the  re  attachment  process, 
and  skin  surface  preparation  can  be  a  very  important  design  factor  in 
developing  lightning  protection  systems.  On  surfaces  where  the 
aerodynamic  boundary  layer  is  thick,  longer  dwell  times  can  occur  [41. 
Normally  the  boundary  layer  is  thin  in  this  area  of  the  wing,  and  the 
lightning  channel  will  lay  close  to  the  skin  surface  during  the  sweeping 
and  reattachment  process  (31. 

The  amount  of  damage  produced  at  any  one  attachment  in 
the  sweptstroke  Zone  2A  area  is  highly  dependent  upon  the  type  of 
material,  surface  preparation,  dwell  time,  and  current  flow  during  the 
attachment.  Lightning  attachments  in  Zone  2A  areas  are  less  severe 
than  Zone  1  areas.  Lightning  strike  test  waveforms  to  simulate  the 
worst  case  lightning  conditions  for  the  various  lightning  strike  rones 
are  specified  in  several  documents  (1,2,51.  The  test  waveforms,  shown  in 
Figure  2,  for  Zone  2A  have  half  the  peak  current  and  one-eighth  of  the 
high  current  action  integral  of  the  Zone  1  test  waveform.  The  minimum 
skin  thickness  of  0.61  cm  used  in  the  Zone  2A  area  is  more  than 
adequate  to  resist  puncture  and  hot  spot  ignition  hazards.  Basic  skin 
thickness  is  not  a  critical  design  factor,  but  the  use  of  fasteners  in  joints 
presents  a  potential  ignition  hazard.  The  most  critical  situation  for  the 
designs  studied  is  the  possibility  of  lightning  attachment  to  fasteners 
located  in  the  skin  surface  of  the  Zone  2A  integral  tank  area,  as  shown 
in  Figure  3. 


Zone  1 


-COMPONENT  S  (INITIAL  STROKE) 
PEAK  AMPLITUDE  *  100  llA 
ACTION  INTEGRAL  .  1  X  10*  A1  a 


COMPONENT  D  (RESTRIKE) 
PEAK  AMPLITUDE  *  100  kA 
ACTION  INTEGRAL  ,  0.25  X  10*A'a 


CURRENT 
(NOT  TO  SCALE) 


n 

COMPONENT  8 
(INTERMEDIATE  CURRENT) 

MAXIMUM  CHARGE 

TRANSFER  -  10  COULOMOS 

AVERAGE  AMPLITUDE  .  2  kA 

i  COMPONENT  C  (CONTINUING  CURRENT)  ~ 
\  CHARGE  TRANSFER  «  200  COULOMOS 

J  AMPLITUDE  -  20OA  TO  »00A 

_ 

1 

1  200, 000 A  { 

f  : 

2.000A 

200  a;  i  hc  i 

••C" 

;  ioooooaV 

••0"  \ 

T<«00*« 

T  <  5  X  10'  SAC 

0.25  MC'TdMC 

TIME  (NOT  TO  SCALE) 

T  <  500  | 

'  1 

Zone  2A  Maximum  Dwell 

--  -  COMPONENT  D  (RESTRIKE) 

PEAK  AMPLITUDE  ■  100  kA 

ACTION  INTEGRAL  .  0.25  X  10*  A*. 

I—  COMPONENT  S  (INTERMEDIATE  CURRENT) 

1  MAXIMUM  CHARGE  TRANSFER  .  1 0  COULOMBS 
AVERAGE  AMPLITUDE  .  2  XA 


CURRENT 
(NOT  TO  SCALE) 


COMPONENT  C  (CONTINUING  CURRENT) 
CHARGE  TRANSFER  .  20  COULOMBS 
AMPLITUDE  -  200A  TO  000A 


Zone  2A  Minimum  Dwell 


Figure  2  Lightning  Current  Test  Waveforms 


Figure  3  Lightning  Attachment  to  Engine  Nacelle  and  Wing  Inlegral  lank 
Skin-Spar  Join! 
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Lightning  Attachment  to  Fasteners 


DESIGN  DEVELOPMENT  APPROACH 


When  the  lightning  channel  attaches  to  a  fastener  head, 
extremely  high  current  densities  are  produced  at  the 
fastener-to-structure  interface.  Aluminum  structure  used  in  transport 
airplane  integral  fuel  tank  design  has  an  inherent  lightning  protection 
with  regard  to  “spark  free”  fastener  installations.  This  is  due  to  the 
excellent  low  electrical  resistance  at  the  fastener  and  aluminum  skin 
interface,  which  allows  very  high  current  transfer  to  occur  with 
minimal  heating. 

However,  for  graphite  composite  integral  fuel  tank  structure, 
the  type  of  fastener  normally  used  will  fail  the  lightning  tests.  The 
failure  is  attributed  to  the  more  than  1000X  increase  in  resistance  at 
the  fastener  composite  interface  and  the  requirement  to  install  the 
fasteners  in  clearance-fit  holes  to  prevent  fiber  delamination.  Lightning 
tests  of  typical  skin  to  spar,  rib  shear  tie,  and  stringer  runout 
configurations  made  of  graphite  composite  structure  produced  ignition 
of  fuel  vapor  and  or  profuse  spark  displays  when  the  simulated 
lightning  was  directed  to  the  fastener  head. 


The  design  development  program  consisted  of  the  following: 

1.  Select  a  joint  configuration  for  detailed  study 

2.  Produce  design  drawings  for  baseline  configuration  and 
variations  of  the  baseline  as  required  to  investigate  single 
path  lightning  protection  techniques. 

3.  Fabricate  and  assemble  test  panels  per  the  drawings  using 
production  manufacturing  methods  and  shops. 

4.  Test  the  various  designs  for  worst  case  simulated  lightning 
strike  inputs  for  Zone  2A  using  simulated  lightning  test 
waveforms . 

5.  Analyze  test  results  and  select  candidate  single  path 
protection  systems  for  additional  development  and  or 
incorporation  into  design  standards. 


Since  the  original  composite  structure  design  concept  did  not 
have  the  inherent  lightning  protection  that  is  typical  of  aluminum 
structure,  a  lightning  protection  design  development  program  was 
implemented  to  identify  the  failure  modes  and  develop  lightning 
protection  that  is  reliable  and  cost  effective  for  large  commercial 
aircraft. 


Examination  of  failed  test  parts  indicated  that  the  basic 
ignition  mechanism  was  hot  arc  plasma  blowby  from  under  the  fastener 
collar  and  between  the  skin  and  spar  mating  surfaces.  Black  soot 
residue  from  the  arc  plasma  blowby  is  shown  in  Figure  4  for  a  skin  spar 
test  part. 


Figure  4.  Arc  Plasma  Blowby  for  Skin-Spar  Joint 


Removal  and  inspection  of  fasteners  showed  that  the  arc 
plasma  was  generated  at  the  interface  between  the  graphite  and  the 
fastener  countersink-shank  area.  There  was  no  indication  of  arcing  at 
the  washer-to-graphite  interface  surface  or  the  skin-spar  mating 
surfaces  on  the  graphite.  The  bare  titanium  faste  ner  was  slightly  pitted 
and  blackened  due  to  the  arcing  at  the  interface.  However,  no  significant 
structural  degradation  of  the  fastener  occurred.  Exam- nation  of  the  test 
parts  also  indicated  that  structural  damage  of  the  graphite  was  not 
critical,  and  only  fasteners  that  showed  severe  direct  attachment  would 
require  replacement.  An  oversized  fastener  and  cosmetic  repairs  of  t'ie 
outer  plies  and  paint  finishes  may  be  required  for  severe  strikes.  Since 
structural  damage  was  not  considered  to  be  critical  fbi  the  thick  skins 
tested,  only  the  design  aspects  that  related  to  potential  fuel  ignition 
hazards  were  addressed  during  these  early  phases  of  the  design 
development  program 


6.  Select  multipath  protection  system(s)  for  additional  analysis 
and  trade  studies. 

7.  Select  final  multipath  protection  system(s). 


JOINT  CONFIGURATION  SELECTION 

The  configuration  selected  for  detailed  study  was  a  skin-spar 
joint.  This  joint  consists  of  a  double  row  of  fasteners  that  attach  the  skin 
to  the  spar.  Tabic  1  shows  the  approximate  skin  fastener  counts  for  the 
various  types  of  joints  in  the  lightning  Zone  2A  of  the  wingbox.  A  series 
of  skin-spar  joint  test  panels  with  design  variations  were  fabricated  to 
make  a  detailed  study  of  the  critical  design  factors.  The  skin-spar  joint 
configuration  was  selected  because  it  represented  the  joint  with  the 
greatest  number  of  fasteners  located  in  a  lightning  Zone  2A  where  the 
lightning  channel  could  attach  directly  to  a  fastener  head.  It  also 
provided  a  configuration  that  could  be  assessed  for  qualities  of  inherent 
lightning  protection  capability  due  to  current  sharing  by  adjacent 
fasteners.  The  panels  were  fabricated  with  skin  thicknesses  that 
represented  structure  aft  of  a  wing-mounted  engine. 


JOINT  TYPE 

FASTENERS 

DIAMETER 
cm  (In) 

NUMBER  TOTALS 

SKIN-SPAR 

0.953  (V.) 

712  712 

SHEAR  TIE  RIBS 

0.635  (</«) 

168 

0.794  (Vis) 

224 

0.953  (V.) 

32 

1.111  (Vis) 

16 

INTERMEDIATE  RIBS 

0.635  (Vs) 

104 

0.953  (Vs) 

32 

ENGINE  SUPPORTS 

0.794  (Vis) 

20 

0.953  (Vs) 

92 

see 

GRAND  TOTAL  1  400 

Table  1.  &un  Faslner  Count  'or  Joints  Used  in  Zone  2A 
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SKIN-SPAR  PANEL  DESIGN 

The  basic  skin-spar  panel  design  is  shown  in  Figure  5. 
Graphite  AS-6  fiber  preimpregnated  with  Epoxy  3501-6  resin  was  used 
to  fabricate  the  panels.  The  unidirectional  tape  is  about  .0185  cm  per 
ply.  The  plies  were  oriented  in  a  0/±46/90  layup  with  0  deg  parallel  to 
the  spar.  The  outer  two  plies  were  oriented  at  ±45  deg.  Titanium 
fasteners  were  used  to  assemble  the  panel. 


I - 40.64  (16) - 1 


DIMENSIONS  IN  CENIMETERS  (INCHES) 
Figure  5.  Skin-Spar  Joint  Design 


Baseline  Panel  Design 

A  baseline  configuration  of  the  basic  design  used  the 
maximum  skin  thickness  of  0.79  cm.  The  stackup  thickness  of  the  skin 
plus  padup  plus  the  spar  flange  in  the  fastener  area  was  2.37  cm. 
Oversized  1.11  cm  dia  bare  titanium  100  deg  shear  head  fasteners  are 
dry-installed  in  clearance-fit  holes.  A  minimum  of  one  corrosion 
resistant  steel  washer  is  used  under  a  corrosion  resistant  steel  preload 
self-locking  collar.  The  graphite  parts  were  painted  with  primer  prior  to 
assembly.  Sealant  was  applied  to  the  spar  angle  ends  and  other  locations 
to  suppress  sparking  in  areas  that  do  not  represent  the  tank  interior. 
The  exterior  skin  surface  was  painted  after  assembly  with  a  second  coat 
of  primer  and  a  polyurethane  enamel  decorative  finish  coat.  Tank 
reslants,  which  would  normally  be  applied  over  the  fastener  collars  and 
a-  the  spar  edge  skin  surface  area,  were  not  used  tince  these  materials 
can  be  considered  as  lightning  protection  techniques  and  would  mask 
the  effectiveness  of  other  single  path  protection  techniques  being 
investigated. 


Design  Variation! 

Variations  of  the  baseline  panel  were  made  ti  incorporate 
single  path  lightning  protection  techniques.  Only  one  protection 
technique  was  used  at  a  time  so  that  the  individual  merits  of  each  could 
be  determined. 

Thble  2  lists  som*<  of  the  protection  techniques  used  and  the 
potential  improvement  expected. 


SINGLE  PATH  PROTECTION 

POTENTIAL  IMPROVEMENT 

1. 

INSTALL  FASTENER  WET  WITH 
SEALANT 

PREVENT  ARC  PLASMA 

BLOWBY 

2. 

INSTALL  IGNITION  BARRIER 

OVER  COLLAR  AND  AT 

SKIN-SPAR  JOINT  EDGE 

3. 

INSTALL  SWAGE  COLLAR 
LOCKBOLT 

4. 

INSTALL  FASTENER  WET  WITH 
SILVER  CONDUCTIVE  SEALANT 

IMPROVE  ELECTRICAL 

CONTACT  BETWEEN  FASTENER 
AND  GRAPHITE  TO  ELIMINATE 

OR  MINIMIZE  ARC  PLASMA 

5. 

INSTALL  FASTENER  WET  WITH 
CARBON  LOADED  SEALANT 

' 

9. 

INSTALL  TENSION  HEAD 
FASTENER 

* 

7. 

INSTALL  SILVER  CONDUCTIVE 
SEALANT  IN  COUNTER  SINK 

" 

9. 

INSTALL  SLEEVED  LOCKBOLT 
WITH  SWAGED  COLLAR 
(EQUIVALENT  TO 

INTERFERENCE  FIT  FASTENER) 

9. 

ADO  METALLIC  OUTER  PLY  TO 
EXTERIOR  SKIN  (PLY  DOES  NOT 
COVER  FASTENER  HEAD) 

IMPROVE  CURRENT  SHARING 

BY  ADJACENT  FASTENERS 

Table  2.  Lightning  Protection  Techniques 


FABRICATION  AND  ASSEMBLY 

The  skin  panels  were  fabricated  and  assembled  from  design 
drawings  using  production  planning  shops  and  quality  control  methods. 
In  Borne  cases,  where  special  fasteners  were  used  and  special  tools  were 
required,  the  panels  were  assembled  by  the  materials  technology 
laboratories  and  then  returned  to  the  production  shops. 

LIGHTNING  TESTS 

The  skin-spar  panels  were  tested  with  lightning  strike  inputs 
simulating  the  worst  case  lightning  strike  peak  current  level  (100.000A) 
for  a  Zone  2A  area  (5).  The  dwell  times  were  varied  to  represent  a 
minimum  dwell  time  of  5  ms  and  a  maximum  of  50  ms  (fig.  2).  The  test 
pulses  were  directed  to  a  single  fastener  in  one  continuous  pulse  by 
locating  the  input  probe  close  (0.97cm)  to  the  fastener  head.  A  mylar 
mask  was  also  used  to  prevent  the  arc  input  from  wandering  to  another 
fastener. 


Panel  Grounding 

The  skin  paneis  were  grounded  to  a  metal  test  box  on  three 
sides  to  simulate  the  continuation  of  the  skin  structure.  The  grounds 
were  made  to  the  fiber  ends  along  the  edges  of  the  panel.  In  addition,  the 
spar  was  also  grounded  to  allow  current  flow  to  substructure  as  shown 
in  Figure  6.  The  ( Mirth  ride  representing  the  leading  edge  or  trailing 
edge  of  the  wingbox  was  not  grounded,  thereby  simulating  the  current 
discontinuity  that  occurs  in  this  area  where  ncnconductive  materials 
are  used  for  leading  edge  and  trailing  edge  structure. 
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Figure  6.  Skin-Spar  Panel  Lightning  Test  Selup 


The  above  grounding  technique  is  particularly  important  for 
this  configuration  to  properly  assess  the  current  carrying  capability  of 
the  fastener  for  direct  arc  attachment  when  other  fasteners  are  adjacent 
or  very  close.  This  should  be  a  better  simulation  of  a  natural  lightning 
strike  attachment  to  a  single  fastener  on  actual  wing  structure  than  a 
single  side  ground.  The  multiple  side  grounding  also  allows  all  of  the 
conductive  graphite  fibers  in  the  countersink  and  hole  to  carry  their 
proper  share  of  current.  Since  the  test  pulse  is  so  severe  to  begin  with, 
the  proper  grounding  of  the  panel  during  test  can  be  critically  important 
for  nonhomogeneous  structure.  Graphite  composites  typically  have  a 
highei  resistance  when  measured  transverse  to  the  fibers  than  when 
measured  along  the  fibers  16].  The  RF  impedance  variations  are 
probably  greater  when  one  considers  the  high  frequency  content  of 
lightning. 


Pass  Fail  Criteria 

For  the  design  development  tests,  photographic  techniques  [SI 
were  used  to  determine  the  acceptability  of  a  protection  technique  as  a 
candidate  for  additional  study.  A  protection  technique  was  considered  to 
be  an  acceptable  candidate  if  no  visual  display  was  detected  on  the 
tankside  by  a  camera  using  high  speed  ASA  3000  film.  Polaroid  film 
was  used  and  film  defect  problems  were  eliminated  by  a  special  split 
lens  that  could  provide  four  identical  views  of  the  panel  in  the  same 
picture.  Two  of  the  lenses  used  filters  and  two  were  clear.  Film  defects 
were  determined  by  noting  if  a  suspected  false  exposure  spot  was 
observed  in  both  frames.  If  the  spot  occurred  in  only  one  frame,  it  was 
considered  to  be  a  film  defect. 


Dwell  Time 

Each  protection  technique  was  tested  for  two  dwell  times.  The 
actual  dwell  time  is  not  known  for  the  skin  surfaces  tested.  However,  the 
need  for  developing  surfaces  that  minimize  the  dwell  time  becomes  more 
evident  if  the  selection  of  protection  techniques  that  pass  the  severe 
maximum  dwell  tests  becomes  too  limited  or  are  not  practical  for 
production. 

Normally  a  dwell  time  of  60  ms  is  used  for  testing  if  the  dwell 
time  is  not  known  [51  for  the  particular  surface  studied.  However,  the 
longer  dwell  times  are  considered  to  be  severe.  Other  investigators  have 
shown  dwell  times  of  less  than  20  ms  for  painted  graphite  composite 
surfaces.  By  including  the  short  dwell  time  of  5  ms  in  the  test  program, 
protection  techniques  that  failed  the  maximum  dwell  tests  could  be 
assessed. 

TEST  RESULTS 
Clearance  Fit  Fasteners 

Tests  of  the  baseline  panel  with  the  oversize  shear  head 
fasteners  to  increase  the  electrical  contact  area  failed  the  minimum 
dwell  tests.  Profuse  arc  plasma  showers  were  photographed  and  visual 
signs  of  sooting  were  evident.  This  failure  becomes  more 
understandable  if  the  area  of  the  countersink  is  considered  to  be  the 
only  good  current  transfer  area  for  clearance-fit  fasteners.  The 
maximum  current  carrying  capability  of  graphite  laminates  is  reported 
to  be  approximately  55  kA/cm2  [81.  The  current  density  for  the 
1.111-cm-dia  shear  head  fastener  with  a  countersink  area  of  1.21  cm2 
and  peak  current  of  100  kA  is  83  kA/cm2.  This  exceeds  the  current 
carrying  capability  of  the  composite  materia)  by  150%.  subsequent 
tests,  using  tension  head  fasteners  to  increase  the  countersink  area, 
passed  the  minimum  dwell  tests.  The  smallest  tension  fastener  tested 
that  would  pass  the  minimum  dwell  tests  was  a  0.953-cm-dia  fastener 
with  a  countersink  area  of  2.63  cm2.  The  peak  current  density  would  be 
40  kA/cm2  which  is  approximately  27%  below  the  current  carrying 
capability  of  graphite  composite  material. 

If  a  perfect  electrical  connection  could  be  made  from  the 
fastener  countersink  area  to  the  graphite,  an  area  of  approximately  1.8 
cm2  would  be  required.  The  next  smaller  size  tension  head  fastener  of 
0.794-cm  dia  has  a  countersink  area  of  1.7  cm2  and  would  not  be 
expected  to  pass  the  minimum  dwell  testa.  The  0.953-cm-dia  tension 
head  fastener  with  a  countersink  area  of  2.53  cm2  tends  to  set  a  lower 
limit  for  the  electrical  contact  area  required  to  pass  the  minimum  dwell 
Zone  2A  tests. 

A  special  fastener,  which  upon  installation  expands  a  metal 
sleeve  in  a  clearance  hole  to  give  the  electrical  equivalent  of  an 
interference-fit  fastener  installation,  was  tested  in  skin-spar  panels  that 
represented  the  minimum  skin  thickness  for  the  Zone  2A  area.  The 
panels  passed  the  worst  case  maximum  dwell  tests.  The  total  electrical 
contact  area  between  the  0.953-cm-dia  fastener  and  the  graphite 
composite  material  is  6.44  cm2. 

Due  to  the  limited  number  of  test  panel  variations,  the  lower 
limit  for  the  fastener  contact  area  required  to  pass  maximum  dwell 
conditions  has  not  been  established  at  this  date. 
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Single  Path  Protection  Techniques 

The  most  promising  single  path  protection  techniques  of 
those  studied  for  the  skin-spar  joint  are  shown  in  Thble  3.  They  fall  into 
three  general  categories. 


PROTECTION  TECHNIQUE 

PASS  CONDITION 

1 .  PREVENTION  OF  ARC  PLASMA 
BLOWBY 

(■)  INSTALL  IGNITION  BARRIER  OVER 
COLLAR  AND  AT  SKIN-SPAR  JOINT 
EDGE 

(b)  INSTALL  SWAGE 

COLLAR-LOCKBOLT  (NO  WASHER) 
TO  PROVIDE  BETTER  SEAL  AT 
COLLAR-GRAPHITE  INTERFACE 

MAXIMUM  DWELL 

MAXIMUM  DWELL 

2.  IMPROVE  ELECTRICAL  CONTACT 

BETWEEN  FASTENER  AND  GRAPHITE 

FIBER  ENDS 

(a)  INSTALL  FASTENER  WET  WITH 
SILVER  CONDUCTIVE  SEALANT 

(b)  INSTALL  TENSION  HEAD 
FASTENERS  TO  INCREASE 
COUNTER  SINK  AREA 

(c)  INSTALL  SLEEVEO  LOCKBOLT 

WITH  SWAGED  COLLAR 
(EQUIVALENT  TO  INTERFERENCE 
FIT  FASTENER) 

MINIMUM  DWELL 

MINIMUM  DWELL 

MAXIMUM  DWELL 

3.  IMPROVED  CURRENT  SHARING  OF 
ADJACENT  AND  NEAR  BY 

FASTENERS 

(a)  ADO  METALLIC  OUTER  PLY 

MINIMUM  DWELL 

Table  3.  Single  Path  Protection  for  Graphite  Composite  Skin-Spar  Configuration 


1.  Prevention  of  arc  plasma  blowby. 

2.  Improvement  of  electrical  contact  between  fastener  and 
graphite  to  minimize  or  prevent  arc  plasma. 

3.  Improvement  of  current  sharing  by  other  fasteners  to 
minimize  or  prevent  arc  plasma. 

Categories  2  and  3  could  probably  be  combined  since  the 
intent  is  to  prevent  or  minimize  the  generation  of  the  arc  plasma. 
However,  it  it  desirable  to  keep  them  separate  because  of  the  marked 
difference  in  the  techniques  to  accomplish  minimization  or  elimination 
of  the  arc  plasma. 

In  category  2,  the  critical  design  factors  relate  to  the  fastener 
installation,  while  in  category  3  the  critical  design  parameter  is  the 
conductivity  of  the  outer  ply,  which  is  independent  of  the  fastener 
installation  process. 

There  are  other  protection  techniques  that  were  not 
examined  during  the  early  phases  of  this  program  but  should  be 
considered,  particularly  in  areas  where  there  may  be  only  one  adjacent 
fastener  in  the  immediate  vicinity.  These  other  techniques  include: 

1.  Inaulative  treatments  to  prevent  lightning  attachment 
directly  to  the  fastener  head. 

2.  Multiattach  surface  preparations  that  would  cause  the 
channel  to  split  or  easily  reattach  downstream  of  the  original 
attachment  point. 

3.  Current  dispersion  surface  coatings  that  will  ensure  current 
sharing  by  more  than  one  fastener. 

Some  of  the  above  concepts  will  be  investigated  in  future 
studies  and  should  offer  other  single  path  protection  techniques  for 
incorporation  into  multipath  lightning  protection  systems. 


MULTIPATH  PROTECTION  SYSTEMS 

The  concept  of  a  multipath  lightning  protection  system  is 
similar  to  the  concept  used  in  structures  design  where  structural  load 
carrying  members  are  redundant.  If  failure  occurs  for  a  particular  item, 
such  a3  a  spar,  the  remaining  members  can  carry  the  load.  The  structure 
must  be  designed  with  the  failure  modes  in  mind  to  arrive  at  the 
optimum  design.  No  single  member  failure  will  cause  catastrophic 
failure  of  the  system.  The  same  concept  can  be  applied  to  lightning 
protection. 

Multipath  lightning  protection  can  be  achieved  by  combining 
two  or  more  known  single  path  protection  techniques  to  achieve  a 
redundant  protection  system,  '•'or  example,  in  the  case  of  a  fastener 
installation  for  the  skin-spar  joint  discussed  in  this  paper,  two  single 
path  protection  techniques  can  be  combined:  (1)  the  use  of  an 
interference  fit  fastener  as  one  protection  technique  and  (2)  the  use  of  an 
ignition  barrier  over  the  collar  (e.g.  tank  sealant)  as  the  second 
protection  technique.  Each  of  these  protection  techniques  will  pass  the 
worst  case  Zone  2A  maximum  dwell  time  lightning  strike  test.  Another 
combination  of  a  dual  path  protection  system  would  be  to  use:  (1)  a 
dielectric  barrier  over  the  fastener  head  to  prevent  direct  attachment  to 
the  fastener  and  (2)  the  ignition  barrier  over  the  collar.  In  the  two  cases 
above,  the  use  of  tank  sealant  over  the  fastener  collar  and  the  dielectric 
overlay  would  probably  not  be  considered  as  an  adequate  single  path 
protection  system.  Both  of  these  protection  techniques  would  be  difficult 
to  inspect  to  verify  the  integrity  of  the  system.  It  would  not  be  desirable 
to  require  mandatory  periodic  draining  and  opening  of  fuel  tanks  to 
inspect  the  integrity  of  the  lightning  protection  aspects  of  the  Bealant. 
However,  if  Bealant  or  sealant  caps  are  a  part  of  a  multipath  protection 
system,  it  is  highly  unlikely  that  both  protection  systems  would  fail  at 
the  same  fastener.  Only  the  normal  inspection  to  verify  the  integrity  of 
the  sealant  as  a  fuel  sealant  would  be  required. 

The  dielectric  overlay  would  be  easier  to  inspect  because  it 
would  be  on  the  exterior  surface.  Small  punctures  would  probably  not  be 
detected  and  special  inspection  procedures  would  be  required  if  it  were 
used  as  the  only  protection  system. 

If  a  second  protection  system  is  combined  with  the  dielectric 
overlay,  then  one  only  needs  to  inspect  for  severe  damage  such  as  cracks, 
peeling,  or  scratches,  since  it  would  be  unlikely  than  an  undetected  pin 
hole  would  be  over  a  fastener  that  also  had  a  failure  of  the  other 
component  of  the  dual  protection  system. 

Other  combinations  could  also  be  made  to  achieve  a 
multipath  protection  system.  For  example,  a  technique  that  passes  a 
minimum  dwell  test  could  be  combined  with  a  technique  that  passes  a 
maximum  dwell  test. 

If  this  is  done,  more  must  be  known  about  the  dwell 
characteristic  of  the  skin  surface.  One  can  either  measure  the  dwell 
time  of  the  surface  coatings  and  use  that  time  for  testing  if  it  exceeds  5 
ms,  or  use  surfaces  that  will  give  dwell  times  of  approximately  5  ms  or 
less. 

The  main  advantage  of  the  multipath  lightning  protection 
concept  is  that  it  allows  the  use  of  single  path  protection  techniques  that 
have  been  considered  unacceptable  by  the  designer  for  use  in  critical 
integral  fuel  tank  areas.  The  reluctance  to  use  a  single  path  protection 
system  that  may  require  special  inspection  and  or  maintenance 
procedures  to  keep  the  system  100%  is  understandable.  Extensive 
qualificatior  and  certification  programs  may  be  required  for  single  path 
systems  that  do  not  have  a  long  historical  record  of  acceptability. 
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The  concerns  relating  to  inspectability,  maintenance,  and 
environmental  aging  factors  would  not  be  critical  for  well  designed 
multipath  protection  systems.  Multipath  protection  concepts  would  be 
more  compatible  with  the  qualification,  certification,  and  operational 
aspects  of  advanced  composite  primary  structure. 

CONCLUSIONS 

A  design  development  program  to  eliminate  potential 
lightning  induced  ignition  sources  for  a  graphite  composite  integral  fuel 
tank  skin-spar  joint  has  been  described. 

The  lightning  protection  techniques  developed  are  capable  of 
withstanding  the  severe  direct  lightning  attachment  to  a  skin-spar 
fastener. 

The  proposed  combination  of  two  or  more  protection 
techniques  into  a  multipath  protection  system  offers  a  greater  range 
and  flexibility  of  designs  to  provide  safe,  reliable,  cost  effective 
lightning  protection  for  transport  aircraft  composite  structure. 
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Abstract  -  A  theoretical  and  experimental  investigation  has  been  undertaken  to 
evaluate  briefly  the  optical  methods  currently  in  use  or  considered  for  detecting 
sparking  and  hot  spots  in  fuel  tanks.  The  methods  investigated  have  included  a) 
photography,  b)  photomultipliers,  c)  image  intensif iers,  d)  photomultipliers 
with  optical  light  pipe,  e)  photomultipliers  with  spherical  mirrors  for  spark 
detection,  as  compared  with  the  human  eye,  and  f)  infrared  photo  detectors  and 
heat  sensitive  paints  for  hot  spot  detection. 

The  investigations  have  focused  on  a  theoretical  spark  with  a  10  nanosecond 
duration  and  a  200  microjoule  energy  which  could  occur  but  which  have  never  been 
observed  in  many  years  of  testing  graphite  composite  and  metal  fuel  tanks  to  the 
best  of  our  knowledge.  The  spark  showers,  when  they  occur,  are  usually  bright  and 
easily  photographed. 

The  investigations  confirm  that  the  present  photographic  methods  with  polaroid 
film  are  adequate  but  marginal  for  fuel  tank  component  testing  at  distances  of 
less  than  one  meter  for  the  10  nanosecond  spark  referred  to  above.  Therefore,  the 
faster  35  mm  photography  is  preferred  because  of  the  reduced  film  blemishes  and 
the  easy  availability  of  faster  lenses.  A  combination  of  both  conventional  cameras 
using  negative  film  and  polaroid  cameras  is  optimum  for  obtaining  immediate 
results  but  with  assurance  that  the  10  nanosecond  spark  could  be  detected  if  it 
occurred. 

For  transluscent  fuel  tanks,  optical  methods  will  probably  be  impractical  and 
the  use  of  flammable  fuel  vapors  will  be  required.  Qualification  methods  using 
flammable  vapors  for  some  composite  aircraft  fuel  tanks  will  therefore  be 
required,  as  discussed  in  a  separate  paper.  Further  development  of  some  of  the 
above  optical  methods  will  be  required  for  testing  of  full  size  fuel  tanks  which 
have  extensive  internal  plumbing  and  wiring. 


INTRODUCTION 

This  paper  presents  the  results  of 
experimental  and  theoretical  investigations 
on  optical  methods  of  spark  detection, 
which  are  presented  in  more  detail  in 
Reference  1. 

Optical  methods  of  spark  detection  were 
studied: photographic; photomultipliers,  as 
used  alone,  with  optical  cable,  or  with 
spherical  mirrors;  and  image  intensif iers. 
Electromagnetic  detection  with  magneto¬ 
optical  rotational  crystals  was  considered, 
but  not  studied  at  this  time  (Johnson,  Ref. 
2).  The  uses  of  infra-red  detectors  and 
heat  sensitive  paints  to  detect  hot  spots 
and  hot  particle  showers  were  investigated. 
The  detection  methods  are  presented  in  the 
following  sections  in  terms  of  the  margins 
between  the  light  emission  of  the  spark  and 
the  sensitivity  of  the  detection  method 
being  used. 

The  principal  conclusions  drawn  from 
the  investigations  are  that  photographic 
detection  of  incendiary  sparks  can  be  used 
out  to  distances  of  9  feet  with  35  mm 


cameras  (and  possibly  to  greater  distances 
with  new  faster  films  and  lenses)  and  that 
electronic  detection  systems  such  as 
photomultipliers  can  be  used  in  larger  fuel 
tanks  with  mirrors  and  possibly  optic  fiber 
out  to  distances  of  24  feet  or  greater  with 
some  additional  development  work.  Polaroid 
cameras  can  be  used  out  to  distances  of 
three  feet  with  lenses  faster  than  F  4.7 
and/or  films  faster  than  ASA  3000. 

SPARK  SOURCE 

A  standardized  spark  source  was  used 
for  the  tests  of  the  various  detection 
systems.  A  10  picofarad  capacitor,  charged 
to  6500  volts  was  used  to  generate  the 
minimum  ignition  energy  spark  of  about  200 
microjoules.  These  sparks  are  similar  to 
those  studied  by  Barreto  (Ref.  3).  The 
spark  had  a  current  peak  of  12  amperes  and 
a  time  duration  of  about  10  nanoseconds.  A 
sketch  of  the  spark  source  used  in  the 
experiments  and  a  typical  current-time 
trace  of  the  spark  are  shown  in  Figures  la 
and  lb. 
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An  important  question  remains  as  to 
whether  these  short  duration  sparks  could 
be  generated  inside  a  metal  or  graphite 
fuel  tank  because  the  fuel  tank  acts  as  a 
low  pass  filter  in  which  diffusion  effects 
lengthen  the  typical  lightning  current 
waveform  rather  than  shortening  it.  This 
may  also  be  demonstrated  by  simple  linear 
circuit  theory  as  illustrated  in  Figure  2. 
With  a  two  microsecond  rise  time  for  the 
lightning  current,  the  internal  short 
circuit  current  has  a  rise  time  determined 
by  the  ratio  of  the  inductance  and 
resistance  of  the  internal  wire.  For  the 
short  circuit  current  which  is  of  interest 
for  sparking,  this  rise  time  is  of  the 
order  of  milliseconds  rather  than 
microseconds.  Thus,  the  nanosecond  low 
energy  spark,  if  a  mechanism  could  be 
determined  for  generating  it,  would  in 
effect  be  limited  by  the  slow  rise  time  of 
the  short  circuit  current. 

Also,  it  has  been  observed  in  the  LTRI 
laboratories  where  observers  are  used  along 
with  the  cameras  that  sparking,  when  it 
occurs,  is  quite  energetic  and  easily 
observed  by  the  polaroid  camera. 

However,  the  assumption  was  made  in 
these  studies  that  such  a  spark  could  exist 
as  a  worst  possible  case  and  therefore  it 
was  used  as  the  "Standard  Spark"  in  the 
evaluations  of  the  various  test  met.iods. 

INDIVIDUAL  OPTICAL  DETECTION  METHODS 

PHOTOGRAPHY 

DESCRIPTION  OF  THE  TECHNIQUE  -  The  test 
arrangement  for  the  photographic  detection 
of  sparking  from  a  fuel  tank  component  is 
illustrated  in  Figure  3., as  reproduced 
from  MIL-STD-1757.  The  procedure  is  as 
follows.  The  item  to  be  tested  is  mounted 
in  one  wall  of  the  fuel  tank  mockup,  a  high 
current  discharge  is  fired  to  the  component 
and  a  camera  is  used  to  record  any 
internal  sparking.  The  camera  can  be 
either  of  the  Polaroid  type  or  of  the 
conventional  type  with  negative  film. 
Currently,  an  aperture  of  F  4.7  and  a  film 
speed  of  ASA  3000  is  specified  in  Mil-STD- 
1757.  Special  care  is  required  when  using 
Polaroid  cameras  because  of  the  much 
greater  tendency  for  flaws  to  be  found  on 
the  print  and  these  flaws  make  accurate 
identification  of  sparking  more  difficult. 
An  observer  can  also  be  located  inside  the 
cabinet  to  observe  the  sparking  and  this  is 
a  standard  practice  for  some  organizations. 
The  dark  adapted  eye  has  a  light 
sensitivity  exceeding  that  of  a  polaroid 
camera  with  an  F  4.7  lens  opening  and  ASA 
3000  film  by  a  factor  of  about  20  as 
determined  both  theoretically  and 
experimentally. 

THEORETICAL  ANALYSIS  -  The  calculations 
of  G.  Freier  and  F.  Anderson  (Ref.  1)  have 
shown  that  the  photographic  method  is 
theoretically  marginal  with  the  Polaroid 
film  sensitivity  of  3000  ASA  and  a  lens 
opening  of  F  4.7.  The  "Standard"  200 


microjoule  spark  with  a  10  ns  time  duration 
produces  a  total  of  4.1  x  10®  photons 
and  1.8  x  10*  photons  reach  the  lens 
opening  of  0.00057  square  meters  in  area 
for  a  typical  lens  used  in  fuel  tank 
testing  (focal  length  of  127  mm)  and  a  test 
object  distance  of  one  meter.  These 
photons  are  focused  by  the  lens  to  a  spot 
of  1.6  x  10*®  square  meters.  Assuming  a 
loss  through  the  glass  of  about  15  percent, 
the  photon  density  on  the  film  would  be 
increased  to  9.8  x  10“  photons  per 
square  meter.  Anderson  found  a  film 
sensitivity  of  1.05  of  10,x  photons  per 
square  meter  for  a  margin  of  -0.3  dB  and 
Freier  about  one  dB.  Experiments 
approximately  confirm  this  calculation  and 
show  that  the  sparks  can  be  detected  on  the 
photographs  only  with  careful  examination 
as  illustrated  in  Figure  4.  For  routine 
test  use,  thisis  a  marginal  test  method  for 
the  short  10  nanosecond,  200  microjoule 
sparks. 

The  sensitivities  and  margins  may  also 
be  presented  in  terms  of  the  required 
photographic  ASA  number  and  lens 
aperture  for  detection  of  the  spark.  The 
following  equation  permits  calculations  of 
the  required  ASA  film  number  as  a  function 
of  the  camera  F  stop  and  the  charge 
transfer  in  microcoulombs  for  the  detection 
threshold  (assuming  a  15%  transmission  loss 
in  the  lens) . 

ASA  -  9.60  (F  Stop  No.) 2  A  x  10*  /Q 

where  A  ■  current  in  amperes 

Q  *  charge  transfer  in  pCoulombs 

Thus,  with  a  ten  nanosecond  spark, 
spark  photography  is  marginal  for  ASA  3000 
film  and  F4.7.  For  an  aperture  of  F2.0  or  a 
film  speed  of  ASA  10,000,  the  spark  can  be 
detected  with  a  margin  of  about  five  dB  at 
a  distance  of  one  meter. 

EXPERIMENTAL  TESTS  -  Shown  in  Figure  5 
are  test  discharges  with  the  200  microjoule 
"standard  spark".  The  discharge  has  a  ten 
nanosecond  duration  and  a  peak  current  of 
12  amperes.  Shown  on  35  mm  film,  ASA  3000 
equivalent,  are  discharges  at  3  feet  at  F 
2.0,  3  feet  at  F  4.7,  and  9  feet  at  F.  2.0. 
All  are  visible  on  the  photographs  except 
at  9  feet,  in  which  case  the  image  is 
probably  too  faint  for  routine  test  use. 
The  tests  showed  that  the  Polaroid  ASA  3000 
film  with  a  lens  opening  of  F  4.7  is 
marginal  but  that  the  technique  can  provide 
a  reasonable  margin,  if  a  faster  lens 
opening  or  faster  film  is  used. 

SUMMARY  -  The  theoretical  and 
experimental  investigations  have  shown  that 
the  photographic  method  does  provide  a 
method  of  evaluating  all  fuel  tank 
component  sparking,  even  if  of  ten 
nanosecond  duration,  if  a),  used  at 
distances  of  one  meter  or  less,  b)  if 
proper  measures  are  taken  to  insure  that 
the  film  development  is  standard,  and  c)  if 
an  ASA  10,000  speed  film  is  used  with  an  F 
4.7  lens  opening  or  if  a  35  mm  film  is 
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used  with  an  equivalent  speed,  (F  2.0  with 
ASA  1000  speed  film  pushed  three  stops  in 
the  development . ) 

PHOTOMULTIPLIERS 

DESCRIPTION  OF  THE  TECHNIQUE  -  A 
photomultiplier  can  be  used  to  view  a  fuel 
tank  interior  or  to  view  components  mounted 
in  a  fuel  tank  mock  up,  either  by  itself  or 
in  combination  with  a  camera.  As  shown  in 
Figure  6,  the  required  equipment  includes 
the  photomultiplier  and  its  power  supply 
and  the  oscilloscope  for  recording  the 
output.  This  is  all  located  in  a  shielded 
chamber  with  extra  shielding  for  the 
photomultiplier  assembly  and  its  isolated 
power  supply.  The  major  application  is  for 
complete  fuel  tanks  where  the  dimensions 
are  too  great  for  minimum  spark  detection 
with  the  photographic  technique.  Since  the 
photomultiplier  tube  alone  doesn't  see  the 
entire  fuel  tank,  nor  does  it  specify  the 
location  of  a  spark,  it  is  necessary  to 
augment  the  photomultiplier  tube  with  an 
optic  fiber  cable  or  spherical  mirrors. 

THEORETICAL  ANALYSIS  -  The  photomulti¬ 
plier  (PM  tube)  is  different  from  a  camera 
in  that  it  records  the  rate  of  photon 
impingement  rather  than  total  quantity  of 
photons.  When  the  photons  fall  on  the 
photocathode  in  a  very  short  time,  the  rate 
of  impingement  is  very  high  and  the 
sensitivity  is  also  accordingly  very  high. 
PM  tubes  have  current  gains  of  the  order  of 
2,000,000  and  thus  are  extremely  sensitive. 
Freier  and  Anderson  show  that  they  provide 
a  margin  above  the  light  output  from  the 
standardized  spark  of  at  least  40  dB. 

The  theoretical  analysis  of  the  light 
coupling  into  the  optical  cable  presents 
considerable  difficulties.  It  requires 
further  work. 

EXPERIMENTAL  TESTS  -  Some  experimental 
measurements  were  made  with  a 
photomultiplier  to  confirm  the  above  data 
as  shown  in  Figure  6.  The  measurements  with 
the  photomultiplier  confirm  the  Freier  and 
Anderson  calculations  of  great  sensitivity 
and  the  ability  to  measure  faint  sparks  at 
great  distances. 

Experiments  were  performed  using  only 
one  type  of  optical  cable,  and  were  not 
very  successful.  However,  they  have  been 
used  successfully  to  monitor  sparking  in 
aircraft  fuel  tanks  by  the  staff  at  Culham 
Laboratories  in  England. 

Tests  were  also  carried  out  by  locating 
a  5"  sphere  at  a  distance  of  24  feet  from 
the  photomultiplier  and  providing  the 
"Standard”  200  microjoule  spark  source 
shielded  from  the  photomultiplier  but  not 
from  the  sphere.  For  a  spark  ore  foot  from 
the  sphere,  the  test  results  showed  a 
signal  10  times  the  minimum  signal 
detectable  corresponding  to  a  10  dB  signal 
to  noise  ratio.  The  experiments  were 
conservative  because  the  spherical  mirror 
was  surrounded  with  black  cloth  in  order  to 


kill  reflections.  In  an  actual  fuel  tank 
the  plumbing  and  wall  of  the  tank  are 
usually  covered  with  semi-veflective 
coatings  which  greatly  increase  the  total 
light  collected  by  the  photodetector. 

SUMMARY  -  Photomultipliers  offer  a 
means  of  testing  full  size  fuel  tanks  with 
plumbing  and  conduit,  but  on) y  in 
conjunction  with  spherical  mirrors  and 
possibly  optical  cable  to  provide  coverage 
of  the  entire  tank.  Its  use  in  conjunction 
with  a  camera  permits  location  of  mo3t 
sparking  if  it  does  occur. 

IMAGE  INTENSIFIERS 

DESCRIPTION  OF  THE  METHOD  -  The  image 
intensifier  is  used  to  increase  the 
sensitivity  of  cameras.  The  basic  test 
arrangement,  includes  a  camera  and  an  image 
intensifier  to,  in  effect,  increase  the 
film  speed  and  permit  the  photographing  of 
weaker  sparks  and  sparks  at  greater 
distances.  Image  intensifiers  are  used 

in  astronomy  to  photograph  weak  stars,  and 
have  sensitivities  equal  or  greater  than 
photomultipliers.  They  can  be  used  in 
series  to  further  increase  the  system 
sensitivity. 

THEORETICAL  ANALYSIS  -  Image  intensi¬ 
fies  are  inherently  at  least  as  sensitive 
as  photomultiplier  systems.  By  cascading 
the  units  they  can  be  made  more  sensitive. 
However,  the  photocathode  must  be  selected 
so  that  it  is  sensitive  in  the  ultra-violet 
region. 

EXPERIMENTAL  TESTS  -  The  experimental 
measurements,  with  the  available  image 
*  intensifier,  disclosed  that  it  was  not 
capable  of  resolving  sparks  at  even  six 
feet  away  because  of  the  incorrect  spectral 
sensitivity.  The  emphasis  in  the  program 
was  on  economical  and  available  devices 
which  are  of  primary  interest  in  fuel 
hazards  testing.  The  image  intensifiers 
used  for  astronomy  cost  tens  of  thousands 
of  dollars  and  for  this  reason  were  not 
evaluated.  Lew  cost  and  ready  availability 
were  major  parameters  in  evaluating  the 
various  approaches.  The  requirement  is 
therefore  for  higher  resolution  and  greater 
spectral  sensitivity  in  a  reasonably  priced 
device. 

SUMMARY  -  The  image  intensifier  pro¬ 
vides  great  promise  in  conjunction  with 
cameras  and  spherical  mirrors  for 
qualification  of  aircraft  fuel  tanks 
because  of  its  sensitivity.  The  basic 
drawback  with  all  of  the  electromagnetic 
detectors  is  the  complexity  in  comparison 
with  a  camera.  There  is  considerable  work 
required  to  develop  this  method  in  terms  of 
developing  a  specific  test  method  and 
hardware. 

HOT  SPOT  DETECTION 
INFRARED  DETECTORS 

For  hot  spot  detection,  the  work  of 
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Demetri  (Ref.  4)  has  shown  that  a 
temperature  of  1650  degrees  F.  is  required 
for  ignition  of  flammable  fuel  vapors  by 
even  a  large  hot  spot  (approximately  1  cm 
by  2  cm).  Most  of  the  infrared  cameras  for 
measurement  of  temperature  are  complex  and 
expensive.  For  fuel  tank  applications, 
where  the  hot  spot  minimum  ignition 
temperatures  have,  as  noted,  been  found  to 
be  very  high,  simple  infrared 
photodetectors  can  be  used  as  they  easily 
detect  typical  lightning  hot  spots  with 
diameters  of  one  centimeter  and 
temperatures  of  450  degrees  F  which  is  well 
below  the  minimum  ignition  temperature  of 
1650  degrees  F  shown  by  Demetri. 

HEAT  SENSITIVE  PAINTS 

Heat  sensitive  paints  have  been 
successfully  used  for  many  years  for 
qualification  of  fuel  tanks  and  components. 
The  tests  have  been  carried  out  by  using 
relatively  low  temperature  paints,  450 
degrees  F.  If  the  temperature  exceeds  the 
sensing  temperature,  the  paints  indicate 
that  the  450  degree  temperature  has  been 
exceeded.  This  approach  continues  to  be  a 
satisfactory  but  conservative  method  of 
testing  fuel  tanks  for  hot  spot  ignition. 
Data  as  indicated  in  Ref.  4  on  hot  spot 
ignition  indicate;  as  noted  in  previous 
section  that  extremely  high  temperatures  of 
1650  degrees  F  are  required  to  ignite 
flammable  fuel  vapors  for  the  time  duration 
of  lightning  events  of  seconds.  Therefore, 
the  use  of  the  temperature  sensing  paint  of 
450  degrees  F  sensitivity  level  does 
provide  considerable  margin  for  fuel 
systems  testing.  Its  principal  fault  is 
that  it  is  too  sensitive  and  that  higher 
temperature  paints  could  be  used,  if  more 
data  were  available. 

Thus  the  present  state  of  the  art 
technique  of  using  temperature  sensing 
paints  for  hot  spot  detection  is 
satisfactory  but  over  conservative. 

HOT  SPOT  CALCULATIONS 

It  is  useful  to  be  able  to  calculate 
approximate  hot  spot  temperatures.  A 
very  early  LTRI  report  (Ref.  5)  presented 
solutions  for  calculating  the  hot  spot  time 
temperature  profiles.  In  this  new  program, 
a  simpler  form  of  solution  was  developed 
for  this  investigation.  An  energy  input  may 
be  expressed  roughly  as  the  product  of  the 
cathode  drop  voltage  of  10  volts,  the 
current  and  the  time.  For  a  current  of 
30,000  amperes  for  a  period  of  50 
microseconds  and  10  volts  (15  joules),  this 
gives  a  temperature  peak  in  aluminum  of  300 
degrees  C  as  shown  in  Appendix 

CONCLUSIONS 

The  relative  sensitivity  of  the  various 
detection  techniques  are  given  in  Table  1. 

The  investigations  confirmed  that  a  200 
microjoule  spark  is  detectable  only 
marginally  by  present  photographic  methods. 


The  tests  showed  that  the  film  speed  or  the 
lens  opening  need  to  be  increased  over  the 
present  standard  of  a  F  4.7  lens  aperture 
and  a  film  speed  of  ASA  3000  and  that,  most 
important,  35  mm.  film  with  its  greater 
resolution  should  preferably  be  used  for 
fuel  tank  qualification  testing.  A  number 
of  other  methods  were  shown  to  provide  more 
than  sufficient  sensitivity  for  sensing 
fuel  tank  sparking  such  as  the  use  of 
photomultipliers  and  image  intensif iers, 
although  they  have  technical  problems  which 
should  be  addressed. 

The  most  commonly  used  hot  spot 
detection  technique  at  the  present  time,  is 
temperature  sensitive  paint  and  it  works 
satisfactorily.  In  some  cases,  fuel  tanks 
may  fail  the  test  but  would  present  no 
threat  of  flammable  fuel  vapor  ignition. 
Therefore,  some  further  work  is  needed  that 
would  provide  more  detailed  time 
temperature  data  for  minimum  ignition. 

What  remains  in  question  is  the 
probability  of  generating  these  shorter 
duration  sparks  inside  a  fuel  tank  during  a 
lightning  strike.  Generally  diffusion 
effects  and  simple  circuit  effects  tend  to 
lengthen  the  current  waveform  from  the 
typical  50  microseconds  duration  rather 
than  shorten  it.  And  it  has  been  observed 
over  many  years  of  fuel  tank  testing  by 
LTRI  that  sparking,  when  it  occurs,  is 
energetic  and  easily  detected  as  verified 
by  the  use  of  visual  observers  in  all  fuel 
tank  testing. 
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TABLE  1 

Sensitivity  of  the  Various  Detection  Techniques 
for  the  Standard  Spark 

The  standard  spark  emits  4.06  x  10®  photons,  the  number  of 
photons/square  meter-second  entering  the  detector  is 
3.25x10^  ,  corresponding  to  1170  microwatts  per  square  meter. 


Detection 

Technique 

Sensitivity 
in  photons  per 
sq.  meter-sec 

Sensitivity 
in  microwatts 
per  sq.  meter 

S/N 

dB 

eye 

1.60x10* 

62.4 

13.1 

film,  ASA  3000 
f/4.7 

3.5xl0,s 

1260 

-0.3 

f/2 

6. 34x10'* 

228 

6.3 

photomultiplier  tube 

2. 41xlo" 

.09 

41.3 

image  intensifier 

1.43x10'° 

.005 

53.5 
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Screen  Box  Prevents 
Electromagnetic  Radiation 


Figure  la  Sketch  of  Screened  Switch  for  10  Nanosecond  Standard 
Spark  Generator. 


Figure  lb  Oscillogram  of  Discharge  from  10  Picofarad  Capacitor 
Charged  to  6,500  Volts.  The  Ordinate  is  the  Current 
in  Units  of  6  Amperes/Division  and  the  Abscissa  is 
Time  in  Units  of  10  Nanoseconds/Division. 
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Figure  2  Lumped  Constant  Calculation  Shows  Lengthening  of 
Current  Waveform  on  Interior  Wire. 


MIL-STD-I757A 
APPENDIX  A 
20  July  1983 


Figure  3  Test  Arrangement  for  Sparking  Tests  using  Cameras  from 
Mil.  Std.  1757A  (Page  A-43). 
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Standard  Spark  Source 


Figure  6  Test  Arrangement  for  Measurement  of  Light  Output  from 
Sparks  -  Direct  and  Reflected  from  Spherical  Mirror. 
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Abstract  -  Measurements  are  presented  of  simultaneous  horizontal  and  vertical  electric  fields  from  both 
cTose  and  distant  lightning  return  strokes.  The  data  were  obtained  curing  summer  1984  at  the  Kennedy 
Space  Center,  Florida  using  an  electrically  Isolated  spherical  antenna  having  a  system  bandwidth  of  3  Hz 
tJ  5  MHz.  Lightning  signals  were  obtained  from  flashes  at  distances  frcm  a  few  to  100  kilometers.  Since 
the  horizontal  electric  field  is  in  part  determined  by  the  local  grounc  conductivity,  that  parameter  was 
measured  as  a  function  of  depth.  The  horizontal  fields  from  lightning  return  strokes  had  typically  1/50 
the  peak  amplitude  of  the  vertical  fields  and  waveshapes  which  were' cor  si  stent  with  available  theory,  as 
expressed  by  the  "wavetilt"  formula. 


I  -  Introduction 

The  horizontal  electric  field  from  lightning  has 
riot  been  previously  measured  with  a  wideband  system. 
In  contrast,  the  vertical  component  of  the  electric 
field  from  lightning  has  been  thoroughly  investigated, 
starting  with  the  work  of  C.T.R.  Wilson  in  the  early 
part  of  this  century,  and,  of  particular  interest  to 
the  present  study,  return  stroke  vertical  electric 
fields  have  been  very  well  characterized  of  late  [1- 
4].  According  to  Master  and  coworkers  [5-6]  the 
horizontal  electric  field  in  many  circumstances  is 
more  important  than  the  vertical  in  coupling  to 
overhead  power  lines  and  to  horizontal  cables  on  and 
beneath  the  earth's  surface.  It  follows  that  an 
understanding  of  the  horizontal  field  is  essential  for 
the  proper  modeling  of  lightning  induced  voltages  on 
horizontal  lines  and  cables.  Over  a  homogeneous  lossy 
ground  it  is  possible  to  calculate  the  horizontal 
electric  field  from  the  vertical  using  a  wave-tilt 
transfer  function  [7]  which  assumes  a  relatively 
simple  analytical  form  if  the  electric  field 
approximates  that  of  a  vertically  polarized  plane  wave 
at  grazing  incidence  to  the  earth,  an  assumption  that 
we  might  expect  to  be  reasonably  valid  for  fields  from 
distant  lightning. 

In  this  paper  we  describe  our  experiment  to 
measure  wideband  horizontal  and  vertical  fields 
simultaneously,  present  waveshapes  of  the  horizontal 
and  vertical  fields  of  return  strokes,  and  compare  the 
measured  horizontal  return  stroke  fields  with 
calculated  horizontal  fields  found  by  applying  the 
wavetilt  formula  to  the  vertical  field. 

Experiment 

Data  were  obtained  from  lightning  at  distances 
from  3  to  100  km  at  Kennedy  Space  Center,  Florida, 
during  July  and  August  1984.  The  electric  field 
measurement  system  (Fig.  1)  consisted  of  a  spherical 
metallic  sensor  connected  via  fiber  optics  signal 
cables  to  three  recording  devices  -  Biomation 
transient  waveform  recorders  interfaced  with  an  IBM 
personal  computer,  a  Honeywell  101  instrumentation 
tape  recorder,  and  Biomation  recorders  displayed  on  a 
Tektronix  555  oscilloscope  screen  and  recorded  with  a 
moving  film  camera.  We  also  measured  the  ground 
conductivity  as  a  function  of  depth. 


The  46  cm  diameter  spherical  sensor  (Fig.  2)  was 
suspended  from  a  plastic  support  with  the  sphere 
center  145  cm  above  a  flat  area  of  earth  approximately 
150  m  x  200  m  in  extent.  At  this  height  the  effect  of 
the  conducting  sphere  on  the  ground  surface  charge 
density  was  about  one  percent.  Since  the  sphere  was 
effectively  Isolated  electrically  from  ground,  the 
electric  field  on  the  surface  of  the  sphere  was  simply 
related  to  the  incident  field,  the  enhancement  factor 
being  a  factor  of  three.  We  measured  the  electric 
field  components  in  three  orthogonal  directions  by 
electronically  integrating  the  displacement  current 
through  three  disks  centered  on  the  vertically  down, 
northerly,  and  easterly  axes.  The  bandwidth  of  the 
sensor  was  3  Hz  to  5  MHz.  A  calibration  signal  and 
the  gain  of  each  integrator  in  the  sphere  was 
controlled  via  a  VHF  FM  radio  link.  The  alignment  of 
the  sensor  was  particularly  important  since  the 
horizontal  fields  we  measured  were  much  smaller  than 
the  vertical  and  any  tilt  caused  a  component  of  the 
vertical  to  appear  in  the  horizontal  field  signals. 
We  oriented  the  sphere  vertically  initially  with 
respect  to  a  gravitationally-based  vertical  axis  and 
then,  with  reference  to  the  signals  from  distance 
lightning,  further  adjusted  the  tilt  so  that  the 
horizontal  field  components  had  essentially  similar 
waveshapes  and  that  no  component  of  the  vertical  field 
was  obviously  evident  in  the  horizontal  fields. 

All  data  shown  in  the  figures  were  digitized  and 
stored  using  the  system  consisting  of  a  Biomation 
transient  waveform  recorder  for  each  field  component 
(Biomation  8190's  for  the  vertical  and  North 
components,  Biomation  1010  for  the  East  component) 
interfaced  to  an  IBM  PC.  Each  data  event  was 

triggered  from  the  vertical  field  and  digitized  at  100 
ns  per  sample  for  a  duration  of  200  ps  per  trigger. 
The  digitized  data  were  transferred  to  the  PC  RAM 
within  50  ms.  Thus  it  was  possible  to  record  several 
strokes  within  a  flash.  The  data  were  ultimately 

stored  on  both  a  20  mb  hard  disk  and  a  magnetic  tape 
cassette. 

Since  the  horizontal  electric  field  theoretically 
depends  on  the  ground  conductivity,  we  measured  this 
parameter  using  a  Bison  2350  B  conductivity  meter. 

The  depth  dependence  of  conductivity  was  obtained  by 
considering  the  earth  as  being  horizontally  stratified 
in  three  layers  and  modeling  the  effective  ground 
conductivity  as  a  function  of  the  horizontal 

separation  of  the  conductivity  probes.  The  layer 
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Fia.  3  Electric  fields  (EV,  EN  and  EE)  from  strokes  occurring  at  a  distance  of  7  km  on  Julian  day  224,  1984  at 
(a)  18  hr.  52  min.  43. <31  sec.,  and  (b)  18  hr.  52  min.  43.340  sec. 
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Fio.  4  Electric  fields  (EV,  EN  and  EE)  from  strokes  occurring  at  a  distance  of  30  km  on  Julian  day  223,  1984 
at  (a)  23  hr.  3  min.  32.466  sec.,  and  {b)  23  hr.  3  min.  32.529  sec. 
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Fig.  5  Calculated  (EH-CALC)  and  measured  (EH-fCAS)  horizontal  electric  field  magnitudes  for  strokes  occurring 
on  Julian  day  224,  1984  at  (a)  18  hr.  52  min.  43.281  sec.,  and  (b)  18  hr.  52  min.  43.340  sec. 
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Fig.  6  Calculated  (EH-CACL)  and  measured  (EH-MEAS)  horizontal  electric  field  magnitudes  for  strokes  occurring 
on  Julian  dav  223,  1934  at  (a)  23  hr.  3  min.  32.466  sec.,  and  (b)  23  hr.  3  min.  32.519  sec. 


vertical  field  for  frequencies  sufficiently  low  that 
theory  predicts  the  horizontal  field  to  be 
negligible.  To  find  the  tilt  for  the  particular  data 
runs  In  question  we  plotted  northerly  and  easterly 

fields  versus  vertical  field  averaged  over  several 
strokes  at  distances  of  15  to  30  km. 

The  two  strokes  In  Figure  3  were  separated  by  a 
time  Interval  of  59  ms,  not  unduly  long  for  an 
Interstroke  Interval.  Even  so,  the  subsequent  stroke 
(Figure  3(b)  appears  to  be  preceded  by  a  dart-stepped 
leader.  Each  stroke  produced  a  field  change  of 
roughly  the  same  magnitude  from  the  start  of  the 

return  stroke  (t  *  50  ys)  until  t  *  200  ^s,  150  ^s 
later.  However,  the  peak  vertical  field  for  the 

subsequent  stroke  Is  roughly  twice  the  size  of  that 


for  the  f 1 r st  stroke,  and  the  horizontal  peak  fields 
for  the  subsequent  stroke  are  about  four  times  the 
size  of  those  for  the  first  stroke,  apparently  because 
the  subsequent  stroke  vertical-field  has  a  faster 
rate-of-rlse  to  peak  than  the  first  stroke. 

A  common  feature  of  both  Figure  3  and  4  is  the 
more  highly  structured  character  of  the  first  stroke 
electric  fields  (Figures  3(a)  and  4(a))  compared  with 
the  subsequent  stroke  fields  (Figures  3(b)  and  4(b)) 
for  tines  between  the  start  of  the  return  stroke  and 
100  ps  following.  This  structure  is  more  evident  on 
the  horizontal  field  waveshapes  than  on  the  vertical 
waveshapes  and  probably  arises  from  the  branches  on 
the  fl  *st  stroke  channel. 
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III  -  Discussion 

We  found  the  theoretical  horizontal  field 
magnitude,  EH,  from  the  vertical  electric  field,  Ey, 
by  applying  a  wave  tilt  transfer  function  valid  for 
vertically  polarized  fields  at  grazing  incidence 

=  i 

W  /e/eo  +  a/jto£o 

to  the  measured  vertical  field.  In  this  formula  a  is 
the  conductivity  and  e  the  permittivity  of  the  ground, 
e  is  the  permittivity  of  free  space,  and  u  the 
angular  frequency.  Agreement  between  theoretical  and 
measured  horizontal  fields  was  good  if  we  assumed  a 
uniform  earth  with  a  =  8  x  1CT3  mho/m,  the  value  found 
for  the  top  layer  of  ground  (between  the  surface  and  a 
depth  of  2.2  m).  For  the  range  of  observed  conductiv¬ 
ities  and  a  ground  permittivity  of  40  tQ  or  less,  the 
wave  shape  of  the  computed  horizontal  field  was 
insensitive  to  either  the  magnitude  of  the  ground 
conductivity  or  the  permittivity  while  the  magnitude 
of  the  computed  horizontal  field  varied  inversely  as 
the  square  root  of  the  conductivity.  This  is  the  case 
because  the  second  term  under  the  square  root  in  the 
wave  tilt  expression  dominates  the  first  for 
frequencies  oelow  the  upper  frequency  limit  of  the 
experiment,  about  5  MHz. 

Figures  5  and  6  give  the  calculated  horizontal 
fields  (EH  -  CALC)  found  from  the  vertical  using  the 
wavetilt  expression  assuming  a  =  8  x  10‘3  mho/m  and 
e  *  40  e0,  along  with  measured  horizontal  field  (EH  - 
MEAS).  The  close  agreement  between  the  theoretical 
and  measured  horizontal  fields  show  that  this  theory 
is  applicable,  at  least  for  frequencies  represented  in 
the  waveforms  studied  here,  even  for  close  return 
strokes. 
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LIGHTNING  VHP  AND  UHF  EMISSIONS  AND  FAST  TIME  RESOLVED  MEASUREMENTS  OF  THE  ASSOCIATED  ELECTRIC 
FIELD  VARIATIONS 
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ABSTRACT  :  Measurements  of  60,  175,  300  and  500  MHz  radiation  emitted  by  close,  naturally  occurring,  light¬ 
ning  discharges  are  presented  and  compared  with  simultaneous  recordings  of  electric  and  magnetic  fields  and 
photoelectric  data.  Cloud-to-ground  and  intracloud  discharge  RF  emissions  begin  abruptly  and  shape  parame¬ 
ters  such  as  amplitude,  pulse  width  and  interval  time  vary  considerably.  Large  amplitude  E  and  B  field 
variations  below  1  MHz  often  accompany  important  RF  emissions,  and,  thus,  stepped  leaders,  return  strokes 
and  certain  intracloud  discharge  processes  are  shown  to  radiate  strongly  at  VHF  and  UHF.  These  signals  are 
generally  similar  to  previously  published  data  except  that  we  do  not  observe  a  cessation  of  RF  radiation 
immediately  after  first  return  strokes. 

350  kHz  RF  receiver  bandwidths,  temporal  resolutions  of  about  3  p.s,  prevented  direct  study  of  RF  submicro¬ 
second  time  scale  structures.  Additional,  precisely  time  synchronized,  measurements  were  therefore  made 
using  a  wideband,  10  MHz-1  GHz,  E  field  antenna  connected  to  a  fast  transient  recorder.  This  system  was 
triggered  externally  by  either  large  dE/dt  or  VHF  signals.  In  the  first  case,  wideband  antenna  signals 
consisted  of  3,  4  or  5  impulses  spaced  0.2  to  1  fis  apart  which  may  have  bean  radiated  during  intraclouci 
leader  discharges.  Single  3  jts  wide  impulses  were  observed  at  60  and  175  MHz  ;  no  emissions  were  visible  at 
500  MHz.  In  the  second  case,  triggers  occurred  during  longer,  0.5  to  1  ms,  duration  bursts  of  RF  radiation 
emitted  a7  A0,  175  and  600  MHx  during  first  return  stroke  and  perhaps  "K  change"  discharges.  The  associated 
wideband  antenna  signals  were  complex  and  difficult  to  intepret,  partly  because  the  antenna  receiving 
transfer  function  has  not  yet  been  determined  accurately  and  the  incident  E  fields  have  not  been  calcu- 
1 ated. 


1  -  INTRODUCTION 

Much  of  what  we  have  learned  about  lightning 
is  based  on  measurements  of  electric  (E)  and  magnetic 
(B)  fields  at  frequencies  between  zero  and  a  few  or  a 
few  tens  of  megahertz  /I ,2/ .  There  is  currently  a  lot 
of  interest  in  the  strong  emissions  which  lightning 
produces  at  VHF  and  UHF  frequencies.  This  is  partly 
because  we  still  do  not  understand  very  well  what 
kinds  of  discharges  or  physical  processes  generate 
these  signals.  Also,  several  researchers  are  using 
lightning  RF  fields,  and  time  of  arrivzl  or  interfe¬ 
rometry  techniques,  to  locate  discharge  sources  and 
follow  channel  development  in  time  within  the  cloud 
and  to  relate  this  to  thunderstorm  dynamics  and  struc¬ 
ture  /3-11/. 

Lightning  RF  emissions  are  impulsive  and 
their  large  amplitudes  represent  a  potential  hazard  to 
any  system  which  is  sensitive  to  transient  fields.  RF 
signals  generated  during  lightning  discharge  might 
perturb  radio  or  microwave  telecommunications  links, 
for  example.  Past  measurements  have  often  been  made 
with  narrow  bandwidth  receivers,  which  do  not  resolve 
the  fastest  variations,  and  are  thus  not  suitable  for 
a  proper  evaluation  of  this  risk. 

With  these  two  different  objectives  in  mind, 
that  is  to  better  understand  the  lightning  processes 
which  radiate  at  VHF  and  UHF  and  to  characterize  the 
lightning  electromagnetic  environment  between  a  few 
tens  of  megahertz  and  a  few  gigahertz,  the  Electro¬ 
magnetic  Environment  Group  at  the  French  National 
Telecommunications  Research  Center  (CNET)  has  recorded 
natural  and  triggered  lightning  RF  emissions  at  60, 
100,  175,  300,  500  and  900  MHz  during  summer  field 
experiments  in  New  Mexico  (1982)  and  at  the  St  Prlvat 
d'Allier  station  in  south  central  France  (1983). 
Recordings  of  natural  lightning  RF  radiation  were  made 


in  1984  in  south  west  France  as  part  of  the  FRONTS  84 
experiment.  350  kHz  bandwidth  receivers  were  used  and. 
RF  signals  were  recorded  in  precise  time  correlation 
with  E  field,  B  field  and  optical  data.  A  Jetailed 
discussion  of  1982  and  some  of  the  initial  1983 
results  has  been  given  by  /12 / . 

In  this  report,  we  will  discuss  the  conti¬ 
nuation  and  extension  of  this  work,  in  particular  nr  . 
measurements  made  in  1004  using  a  specially  des'y. 

10  MHz  -  1  GHz  conical  antenna  connected  to  a 
fast  transient  digitizer.  These  measurements  •  e 
motivated  by  /12/  who  observed  that,  when  viewed  a 
microsecond  time  scale,  the  lightning  RF  reco'  en 
consisted  of  either  single  3  ps  wide  impulse,,  or 
superpositions  of  these  impulses.  The  3  fks  wide  pulse 
is,  of  course,  the  impulsive  response  of  a  350  kHz 
bandwidth  RF  receiver.  Frequently,  these  impulses 
could  be  identified  at  each  of  the  six  frequencies 
studied  and,  in  these  cases,  /12/  measured  peak  ampli¬ 
tudes  and  plotted  relative  amplitude  spectra  ;  an 
example  is  shown  in  Figure  1.  These  spectra  are  inte¬ 
resting  because  they  do  not  vary  monotonically  with 
frequency  but  have  fairly  well  defined  maxima  and 
minima  which  may  tell  us  something  about  the  submicro¬ 
second  structure  of  the  lightning  fields.  /1 2/  has 
suggested,  for  example,  that  these  spectra  could  be 
produced  by  either  : 

(a)  a  single  current  Impulse  in  a  source  volume 
with  dimensions  approximately  equal  to  the  wave¬ 
length  of  the  RF  radiation.  In  this  way  construc¬ 
tive  and  destructive  interference  would  occur  at 
the  different  frequencies  studied  between  signals 
originating  at  different  parts  of  the  source  vo¬ 
lume.  A  cylindrical  volume  would  need  to  be  a  few 
meters  in  diameter  to  produce  the  observed  spec¬ 
tra. 
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(b)  a  sequence  of  impulses  whose  durations  and 
interval  times  were  less  than  the  receiver  res¬ 
ponse  time.  A  sequence  containing  more  than  just 
a  few  impulses  would  need  to  be  spaced  very  uni¬ 
formly  <n  time  for  peaks  to  appear  in  the  fre¬ 
quency  spectrum. 


We  hope  eventually,  by  making  fast  time  resolved  mea¬ 
surements  of  wideband  E  fields,  to  be  able  to  investi¬ 
gate  directly  these  different  hypotheses.  This  paper 
reports  on  our  initial  experiments  and  results. 
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Tig.  1  An  example  of  a  lightning  relative  amplitude 

spectrum  which  does  not  decrease  monotonically 
with  frequency  (adapted  from/12/).  Amplitudes  have 
been  normalized  to  11  km  and  1kHz  bandwidth  using 
l/(di stance)  and  l/fBW)1''2  dependencies ,  respectively. 
The  dotted  line  shows  the  1/ ( freq . )  fit  to  other  data 
given  by  / 32/ . 


2  -  EXPERIMENT 


A  schematic  diagram  of  the  measuring  equip¬ 
ment  is  shown  in  Figure  2.  Lightning  RF  emissions  at 
60,  100,  175,  300,  500  and  900  MHz  were  measured  using 
six  tuned,  vertically  polarized,  dipole  antennas  moun¬ 
ted  on  a  grounded  9  m  metal  mast.  For  simplicity,  only 
one  of  these  antennas  is  shown  in  Fig,  2.  Antenna  spa¬ 
cing  was  such  that  effects  due  to  mutual  coupl  ing 
between  adjacent  antennas  and  due  to  reflections  from 
the  ground  were  minimized  /12/.  Antennas  were  connec¬ 
ted  to  leceivers,  located  10  m  away  in  a  metal  trai- 
ter,  using  semi-rigid  coaxial  cables.  Receiver  charac¬ 
teristics  at  each  of  the  six  frequencies  are  summa¬ 
rized  in  Table  1.  Logarithmic  amplifiers  were  used  to 
amplify  and  detect  the  intermediate  frequency  signal 
giving  a  receiver  dynamic  range  of  about  80  dB. 


TABLE  1 

RF  Receiver  Characteristics 


F  requency 
(MHz) 

60 

100 

175 

300 

500 

900 


Bandwidth 

(kHz) 

330 

337 

348 

360 

350 

305 


Sensitivity* 

<fiV/m) 


30 

90 

30 

50 

90 

600 


*  Sensitivities  indicate  the  minimum  field  necessary 
at  each  center  frequency  to  produce  an  observable 
signal  at  the  receiver  output. 

Horizontal  magnetic  fields  were  measured 
using  two  orthogonally  mounted,  wideband  (150Hz-20MHz) 
antennas  /13/.  A  “fast  E“  field  antenna  system  like 


that  described  by  /14/  was  used  to  measure  lightning 
electric  fields.  System  risetime  and  decay  time  cons¬ 
tant  were  0.2  and  200  /us,  respectively.  Luminous  emis¬ 
sions  at  elevation  angles  of  1“  and  10“  were  made 
using  two  photoelectric  detectors  similar  to  those 
described  by  /15/.  Each  detector  had  an  angular  reso¬ 
lution  of  about  1‘,  a  risetime  of  less  than  one  micro¬ 
second  and  a  nearly  360“  horizontal  field  of  view. 

Continuous  recordings  of  the  RF  signals,  E 
and  B  fields,  the  two  optical  signals,  a  time  code 
signal  and  a  pulse  indicating  a  F30  MHz  waveform 
recorder  trigger  were  made  using  a  400  kHz  bandwidth 
instrumentation  tape  recorder  (FM  mode).  Time  mark 
signals  were  superimposed  on  all  channels  at  the 
recorder  input  to  permit  precise  correlation  in  time. 

The  fast  time  resolution  recording  system 
occupies  most  of  the  right  half  of  Fig.  2  and  consists 
of  a  specially  designed  10  MHz  -  1  GHz  conical  antenna 
connected  through  1  or  1.5  /as  of  RG-8  50-0 .  coaxial 
cable  delay  line  to  a  500  MHz  transient  recorder.  This 
recorder  was  triggered  externally  by  an  oscilloscope 
in  the  following  manner  :  Either  a  dE/dt  or  a  60,  175 
or  500  MHz  signal  was  connected  to  the  oscilloscope 
input  and  time  base  A  (TB  A)  was  set  to  trigger  inter¬ 
nally  on  that  signal.  TB  B  was  operated  in  the 
“trigger  after  delay"  mode.  That  is,  when  TB  A  was 
triggered  and  after  a  prechosen  delay,  which  ranged 
from  10  to  200  ms,  TB  B  was  armed.  If  the  signal  again 
crossed  trigger  threshold  before  the  end  of  the  TB  A 
sweep  (the  TB  A  sweep  was  typically  200  to  500  ms 
long)  a  TB  B  gate  pulse  was  generated  and  triggered 
the  500  MHz  recorder.  If  not,  TB  B  was  disenabled,  TB 
A  reenabled  and  the  whole  procedure  began  aqain.  In 
this  way  we  hoped,  by  choos*ng  among  the  different 
triggering  signals  and  by  varying  the  delay  before  the 
TB  B  enable,  to  be  able  to  record  conical  antenna 
signals  frer..  a  wide  variety  of  discharge  processes. 
Note  also  t.iat,  by  using  one  of  the  RF  signals,  the 
oscilloscope  trigger  did  not  depend  on  polarity. 

When  the  500  MHz  recorder  was  triggered,  it 
generated  a  gate  pulse  which  then  triggered  a  four 
channel  2  MHz  recorder,  operating  in  pretrigger  mode, 
thus  qiving  precisely  time  synchronized  records  of 
simultaneous  E  field  and  60,  175  and  500  MHz  radia¬ 
tion.  The  500  MHz  recorder  gate  pulse  also  stopped  a 
clock,  which  was  subsequently  read  by  the  computer, 
and  was  written  onto  the  magnetic  tape. 

The  500  MHz  recorder  was  in  reality  a 
Tektronix  7912AD  programmable  digitizer.  The  7912  ope¬ 
rates  in  many  respects  like  a  storage  oscilloscope. 
The  essential  difference  is  the  target  which,  in  the 
case  of  the  7912,  is  an  array  of  diodes.  The  recorded 
signal  is  subsequently  read  in  a  512  by  512  point 
(horizontal  by  vertical)  format.  A  very  high  velocity 
writing  beam  can  be  used  because  the  target  size  is 
small  and  because  very  few  electrons  need  to  strike 
the  target  to  record  a  wareferm  ;  an  effective  sam¬ 
pling  frequency  of  100  GHz  is  possible.  In  our  appli¬ 
cation,  the  7912  was  equipped  with  a  500  MHz  input 
amplifier  and  the  time  base  sweep  speed  was  either  200 
or  500  ns/div,  effective  sampling  frequencies  of  about 
250  and  100  MHz,  respectively  (250  MHz  =  312  points  / 
10  divs  x  200  ns/div).  The  uppermost  curves  in  Figures 
9,  12,  13  and  15  show  7912  records.  These  data  were 
recorded  in  mode  "edge",  that  is,  plotted  data  show 
the  upper  and  lower  edges  of  the  sign;1  which  was  read 
off  the  7912  diode  matrix  target. 

The  4  channel  waveform  recorder  sampling 
frequency  was  2  MHz  and  each  record  contained  256 
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points.  The  delay  line  shown  in  Fig.  2  was  necessary 
because  of  the  500  MHz  recorder  could  not  operate  in  a 
"nretrigger"  mode  and  because  of  the  external  trigge¬ 
ring  method  .^ed.  The  delay  line  attenuated,  signifi¬ 
cantly,  higher  frequency  conical  antenna  signals.  With 
a  1.5^as  delay  line,  for  example,  10  and  100  MHz 
signals  were  attenuated  by  6  and  20  dB,  respectively. 

2.1  -  Conical  Antenna  Design  and  Calibration 

The  10  MHz  -  1  GHz  antenna  developed  for 
this  study  h&s  a  conical  form,  a  geometry  commonly 
used  in  measurements  of  fast,  impulsive  fields  where 
wideband  response  is  necessary.  The  antenna  is  shown 
schematically  in  Figure  3.  Basically,  the  lower  0.27  m 
consists  of  a  solid  cone  which  provides  the  high  fre¬ 
quency  response.  A  43“  cone  angle  fixes  the  antenna 
impedance  at  50x1.  Extension  of  the  solid  cone  to  the 
dimensions  necessary  for  low  frequency  response  was 
mechanically  unrealistic  so  this  structure  was  appro¬ 
ximated  by  six  "wire"  elements.  These  elements  were 
actually  constructed  out  of  12  mm  diameter  copper 
tubing  to  insure  that  corona  discharge  would  not  occur 
off  the  surfaces  of  the  antenna  in  thunderstorm  E 
fields.  Careful  placement  of  250X1  resistances  damped 
certain  antenna  resonances  and  effectively  extended 
low  frequency  response  to  10  MHz  while  minimizing 
overall  antenna  height.  The  antenna  was  mounted  on  a 
12  m  by  12  m  wire  mesh  ground  plane. 

This  design  represents  a  choice  of  several 
variants  which  were  studied  in  order  to  best  satisfy 
the  following  requirements  between  10  MHz  and  1  GHz  : 


Fio.  3  A  schematic,  side  view  of  the  conical,  elec¬ 
tric  field  antenna. 

When  a  linear  antenna  is  used  for  receiving, 
the  receiving  transfer  function,  which  relates  the 
received  voltage  V(f)  measured  across  a  load  impedance 
Z0  and  the  incident,  electric  field  Elf),  is 


S(f)  = 


.  V(f) 


m 


h| f )  Z. 

'  za(f)  Vz. 


(l) 


where  h(f)  is  the  effective  height  of  the  antenna, 
Za(f)  the  antenna  impedance  and  f  frequency  /17/. 
Since  we  are  interested  in  determining  incident  fields 
from  measured  antenna  load  voltages,  we  will  define 
K( f )  •-  l/(S(f))  then 


la)  constant  50n.  impedance 

(b)  a  1 ineaire  phase  response. 

(c)  minimal  variation  of  the  radiation  diagram 
with  frequency. 

A  detailed  theoretical  discussion  is  given  by  /16/. 


E(f)  =  K ( f )  V ( f )  (2) 


Elt)  can  be  determined  by  calculating  the  inverse 
Fourier  transform  of  Egn.  2. 


Fig.  2  A  Mack  diagram  of  the  measuring  system.  The  dotted  lines 
indicate  triggering  signals. 


178 


C.  Weidman  et  al. 


/16/  has  determined,  experimentally,  the 
magnitude  of  the  complex  function  K(f)  using  the  "two 
identical  antenna  method"  /18/.  K(f)  was  also  deter¬ 
mined  independently  by  us  using  a  large  EMP  simulator. 
The  incident  test  field,  a  square  100  ns  wide  pulse, 
was  measured  with  a  separate  antenna  standard  and  is 
shown  in  Figure  4(a).  The  conical  antenna  output 
signal  is  given  in  Fig.  4(b).  The  data  aquisition  sys¬ 
tem  used  in  this  test  had  a  bandwidth  of  128  MHz.  K(f) 
was  then  determined  by  dividing  the  Fourier  transform 
of  the  reference  field  by  the  transform  of  the  antenna 
output  voltage.  The  magnitude  functions  of  K(f)  deter¬ 
mined  in  these  two  ways  are  plotted  in  Figure  5. 


Fig.  5  Plots  of  two  different  determinations  of  the 
magnitude  of  the  complex  antenna  receiving 
transfer  function,  K(f).  Mote  that  increasing  antenna 
sensitivity  is  in  a  downward  direction. 


We  note  first  in  Fig.  5,  that  there  is  about 
a  10  dB  difference  between  these  two  determinations  of 
K(f)  ,  which  we  cannot  yet  explain.  Also,  because  of 
the  superimposed  high  frequency  variations,  the  Fig. 
4(a)  square  wave  E  field  has  not  permitted  a  good 
estimate  of  K( f )  above  about  45  MHz. 

Even  with  this  unsatisfactory  antenna  cali¬ 
bration  we  would  like  to  have  inverted  conical  antenna 
signals  to  determine  approximate  incident  E  field 
shapes.  A  second  difficulty  has  kept  us  from  doing 
this.  This  second  problem  is  concerned  with  extracting 
higher  frequency  information  from  the  7912  "storage 
oscilloscope-like"  records.  Consider  what  happens  if 
we  try  to  record  a  sinusoidal  signal  on  a  storage 
oscilloscope. We  obtain  an  accurate  representation  if 
one  period  of  the  sinusoid  is  longer  than  t ' ,  the  time 
it  takes  to  oscilloscope  to  sweep  across  one  electron 
beam  "spot  width".  If,  however,  one  or  mors  cycles 
occur  in  a  time  less  than  t' ,  successive  signal  oscil¬ 
lations  overlap  and  we  obtain  a  thick  trace  which 
gives  a  good  indication  only  of  peak  amplitude.  In  our 
application,  the  7912  was  operated  at  a  relatively 
slow  sweep  speed  with  a  high  beam  intensity  and  t'  is 
longer  than  many  of  the  conical  antenna  signal  varia¬ 
tions.  The  antenna  signals  were  not  simple  sinusoids 
and  spot  width  is  not  constant,  but  depends  on  the 
two-dimensional  beam  velocity.  Recovery  of  the  higher 
frequency  information  thus  seems  a  complex  problem  and 
has  not  yet  been  attempted. 


3  -  DATA 

3.1  -  Millisecond  Time  Scale  Structures 

Examoles  of  175  MHz  radiation  and  simulta¬ 
neous  "fast  E"  fields  produced  during  four  lightning 
discharges  are  shown  in  Figure  6.  These  records  repro¬ 
duce  signal  variations  as  fast  as  100kHz,  and  were 
obtained  by  replaying  analog  data  tapes  at  reduced 
speed  and  rerecording  the  data  on  a  second  recorder. 
These  rerecordings  were  then  displayed  ,  again  after 
(•educing  the  playback  speed,  on  a  strip  chart  recor¬ 
der.  The  RF  signals  produced  by  these  discharges  at 
the  other  frequencies  had  similar  overall  appearances 
and  are  not  shown.  Distances  were  determined  by  timing 
the  first  arrival  of  thunder.  In  Fig.  6  and  throughout 
this  report,  movement  of  negative  charge  from  cloud  to 
ground  produces  a  positive  polarity  E  field  change. 

The  “fast  E"  signals,  which  are  shewn  on  a 
fairly  sensitive  scale  in  Fig.  6,  indicate  only  one  or 
a  few  large  amplitude  field  producing  discharges  per 
flash.  At  175  Mhz,  some  of  the  strongest  emissions 
also  occur  at  these  times,  but  appreciable  radiation 
also  precedes,  occurs  between,  and  follows  the  large 
“fast  E"  impulses.  An  interesting  feature  is  the 
abrupt  onset  of  the  RF  emissions.  This  is  true  of 

essentially  all  events  we  have  studied,  and  large 
amplitude  E  and  B  fields  often  occur  simultaneously 
(see  event  022415,  for  example).  The  initial  few 
hundred  milliseconds  of  activity  in  each  discharge 
then  appears,  on  this  time  scale,  to  consist  of  impul¬ 
ses  closely  spaced  in  time.  The  rate  of  occurrence  can 

be  quite  rapid.  Especially  high  occurrence  rates  (pul¬ 
ses  which  occur  at  interval  times  too  short  to  be 

individually  resolved  by  the  RF  receiver)  appear  in 
Fig.  6  as  a  175  MHz  signal  which  is  offset  from  zero. 
This  occurs  near  50  ms  in  events  021729  and  022017, 
for  example,  and  is  accompanied  by  a  slow  E  field 
variation.  Late  in  the  discharges,  emissions  occur  in 
more  isolated,  often  intense  bursts.  Some  of  these  are 
probably  the  "Q  noise"  the  "solitary  pulses"  and  the 
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Fig.  6  Vast  E"  fields  and  175  MHz  radiation  produced  during  four  different  lightning 
discharges.  Some  of  the  numbered  events  are  discussed  in  detail  In  the  text  (a 
star  indicates  a  500  MHz  recorder  trigger).  The  amplitude  calibrations  shown  apply  to  all 
four  discharges;  note  that  a  positive  E  field  change  is  in  a  downward  direction.  The  175 
MHz  noise  level  is  about  0.05  mV/m.  Horizontal  dotted  lines  show  saturation  levels,  and 
"TM“  Indicates  a  time  mark  signal  superimposed  on  all  records  at  intervals  of  100  ms. 
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"fast  bursts"  described  by  /7/,  /6/  and  /B/,  respec¬ 
tively. 


We  note  finally,  that  with  our  experience, 
it  is  not  possible  to  identify  with  certainty  diffe¬ 
rent  types  of  discharge  processes  using  these  slow 
time  scale  £  field  and  175MHz  signatures.  The  strong 
emissions  at  points  1,  7  and  B  in  Fig.  6  were  produced 
by  first  return  strokes  (determination  made  using  fas¬ 
ter  time  scale  E  and  8  field  shapes).  There  are  no 
large  amplitude  E  field  changes  in  event  022415  and 
those  in  event  021729  do  not  have  characteristic 
return  stroke  forms,  and,  therefore,  these  two  events 
appear  to  have  been  intracloud  discharges. 

3.2  -  Microsecond  and  Submicrosecond  Time  Scale 
Structures 


In  Figures  7  and  8  we  show,  with  faster  time 
resolution,  the  simultaneous  (  —  10  /us)  E  and  B 
fields,  luminous  emissions  and  60,  175,  30C  and  500MHz 
RF  radiation  which  occurred  at  points  1  and  B,  respec¬ 
tively,  in  Fig.  6.  These  E  and  B  fields  begin  with  an 
abrupt  positive  transition  and  have  shapes  and  ampli¬ 


tudes  which  are  char  eristic  of  fairly  close  first 
return  stroke  discharges  /19/.  The  initial  radiation 
field  peak  is  visible  in  all  cases  and  is  followed,  on 
E  field  records,  by  a  strong  electrostatic  field 
component  which  saturated  the  recorder.  Fig.  7  illus¬ 
trates  particularly  well,  the  magnetic  field  "hump" 
described  by  /19/  which  follows  the  B  radiation  field 
peak  on  close  discharges. 

Significant  RF  activity  precedes  the  return 
stroke  E  and  B  field  changes  at  60  and  175  Mh'z  in 
Figures  7  and  B  and  is  probably  associated  with  the 
stepped  leader  process  which  initiates  first  return 
stroke  discharges.  The  100  kHz  bandwidth  of  the  system 
used  to  reproduce  these  data  was  probably  not  adequate 
to  reproduce  stepped  leader  E  and  B  fields,  which 
typically  have  widths  of  only  1  or  2  /us  /14/ .  Large 
"bursts"  of  RF  radiation  occur  at  all  frequencies  in 
association  witn  the  return  stroke.  Close  inspection 
reveals  that  peak  RF  emissions  generally  follow  the  E 
and  B  radiation  field  peaks  by  a  few  tens  of  micro¬ 
seconds  in  agreement  with  / 20,21,22/.  Also,  RF  peaks 
do  not  always  coincide  at  the  different  frequencies 
(see  Fig.  8).  Note  that  at  60  and  175  MHz,  first 
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Fig.  7  Faster  time  resolved  records  of  the  (top  to 
bottom)  "fast  E"  fields,  the  le  optical  and 
the  60,  175,  300  and  500  MHz  emissions  and  one  com¬ 
ponent  of  the  horizontal  magnetic  field  produced 
during  a  first  return  stroke  discharge  (point  1  in 
Fig.  6).  Horizontal  dotted  lines  indicate  saturation. 
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Fig.  8  Fast  time  resolved  records  of  electromagnetic 
radiation  produced  by  a  first  return  stroke 
discharge  (point  8  in  Fig.  6).  Fig.  7  comments  apply 
here  also.  The  downwardly  pointing  arrow  indicates 
the  moment  at  which  the  500  MHz  recorder  was  triggered. 
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return  stroke  RF  bursts  last  well  over  1  ms.  Durations 
at  300  and  500MHz  are  shorter,  about  500yus. 

The  500  MHz  recorder  was  triggered  by  a 
large  60  MHz  impulse  that  occurred  during  the  return 
stroke  discharge  in  Fig.  8.  That  record  is  shown  in 
Figure  9  (upper  most  curve)  together  with  recordings 
of  the  simultaneous  "fast  E"  and  60,  175  and  500  MHz 
signals  made  with  the  2  MHz  recorder.  Horizontal  and 
vertical  scale  calibrations  and  zero  levels  are  indi¬ 
cated.  The  upwardly  pointing  arrow  indicates  the 
moment  at  which  the  500  MHz  recorder  was  triggered  by 
the  oscilloscope  TB  B  gate  pulse.  A  dotted  vertical 
line  drawn  through  the  lower  four  curves  in  Fig.  9 
shows  the  time  of  the  2  MHz  recorder  trigger.  We 
should  repeat  that  the  upper  curve  in  Fig.  9  is  the 
conical  antenna  output  and  not  the  incident  E  field. 
The  incident  field  was  not  calculated,  for’  reasons 
discussed  in  Section  2.1,  and  probably  has  a  very 
different  overall  appearance.  Discussion  of  this  and 
other  fast  time  resolved  recordings  is  given  in  Sec¬ 
tion  4. 


produced  during  the  return  stroke  discharge  shown  in 
Fig.  8. 


Bipolar  E  field  impulses,  which  occurred  at 
the  beginning  of  discharge  022419  (point  9  in  Fig.  6), 
and  the  simultaneous  RF  emissions  are  shown  in  Figure 
10.  Bipolar  E  field  waveforms  like  these,  whose  ini¬ 
tial  polarity  is  negative,  are  typical  of  the  larger 
radiation  field  pulses  produced  by  intracloud  light¬ 
ning  and  are  discussed  in  detail  by  /23,24/.  The  lar¬ 
gest  RF  signals  have  widths  of  a  few  tens  of  micro¬ 
seconds  and  occur  in  time  coincidence  with  the  E  field 
pulses.  In  agreement  with  /25/  there  is  a  tendency  for 
the  RF  signals  to  peak  during  the  initial  half  cycle. 

Figure  11  illustrates  the  "fast  E"  and 
175  MHz  signals  that  were  emitted  at  point  10  in 
Fig.  6.  While  appreciable  175  MHz  radiation  is  pre¬ 
sent,  simultaneous  E  fields  were  either  too  weak  or 
too  rapid  to  be  recorded.  The  500  MHz  recorder  was 
also  triggered  during  this  sequence,  in  this  case  by  a 
positive  dE/dt  signal.  That  record  and  those  obtained 
with  the  2  MHz  recorder  are  shown  in  Figure  12.  This 
example  is  considerably  simpler  than  Fig.  10.  Three, 
perhaps  four,  impulses  are  clearly  distinguishable. 
Here,  a  downward  conical  antenna  signal  deflection 
indicates  a  positive  incident  E  field  transition. 
Also,  judging  from  the  conical  antenna  response  to  a 
square  wave  incident  field,  Fig.  4(b),  we  suspect  that 
the  incident  E  field  impulses,  here,  may  have  been 
nearly  unipolar.  Thus,  we  would  suggest  that  this  was 
a  sequence  of  3  or  4  nearly  unipolar,  positive  pola¬ 
rity,  E  field  impulses.  Note  that  a  positive  E  field 
pulse  is  also  visible  on  the  2  MHz  recorder  E  field 
trace. 


A  second  fast  conical  antenna  signal, 
obtained  during  very  similar  activity  in  another  dis¬ 
charge  is  shown  in  Figure  13. 


50PmHi 
’  ClwV/flt) 


0  2 


hr -  -rf- - ~i - 

- ±= - d 

0  5 


t  5  ms  2 


Fig.  10  The  negative  polarity  bipolar  E  field  impulses 
and  simultaneous  60,  175,  300  and  500  MHz 
radiation  which  occurred  at  the  beginning  of  event 
022415,  an  Intracloud  discharge  (point  9  In  Fig.  6). 
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Fig.  11  Fast  E  field  and  simultaneous  175  MH2  acti¬ 
vity  occurring  at  point  10  in  Fig.  6.  The 
downwardly  pointing  arrow  indicates  the  moment  at 
which  the  500  MHz  recorded  was  triggered. 


Fig.  12  The  conical  antenna  signal  (thick,  upper 
curve)  and  simultaneous  E  field  and  60,  175 
and  500  MHz  radiation  (lower  four  traces)  produced 
during  the  intracloud  discharge  activity  shown  in 
Fig.  il. 


Returning  now  to  Fig.  6,  we  note  that  a 
short  duration,  but  very  strong,  175  MHz  impulse 
occurred  at  point  2  in  event  021419.  Figure  14  shows 


Fig.  13  The  conical  antenna  signal  (thick,  upper 
curve)  and  simultaneous  E  field  and  60,  175 
and  500  MHz  radiation  (lower  four  traces)  produced 
during  lightning  disenarge  activity  very  similar  to 
that  shown  in  F’g.  11. 


the  associated  E  field  and  RF  emissions  on  a  faster 
time  scale.  We  do  not  believe  this  was  a  return  stroke 
discharge.  The  E  field  change  is  negative  and  has  a 
shape  not  at  all  typical  of  a  close  return  stroke  dis¬ 
charge.  The  durations  of  the  RF  bursts  are  consider¬ 
ably  less  than  for  the  first  return  stroke  examples 
given  in  Figs.  7  and  8.  If  this  had  been  a  subsequent 
return  stroke  we  would  have  expected  the  peak  RF  ra¬ 
diation  to  have  preceded  the  E  radiation  field  peak 
/21/,  which  is  not  the  case  here.  This  may  have  been 
a  "K  change"  /26,27/.  /28/  has  indicated  that  K  chan¬ 
ges  may  produce  very  strong  RF  radiation. 

The  500  MHz  recorder  was  triggered  by  a 
large  amplitude  60  MHz  impulse  during  this  discharge  ; 
those  data  are  shown  in  Figure  15.  A  second  fast 
trace,  labelled  "noise",  has  been  added  for  compa¬ 
rison,  and  shows  the  conical  antenna  noise  level  mea¬ 
sured  during  a  time  when  there  was  no  thunderstorm 
activity. 
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Fig.  14  Faster  time  resolved  recordings  of  the  E 

fields  and  simultaneous  60,  175,  300  and  500 
MHz  radiation  at  point  2  in  Fig.  6,  perhaps  a  "K 
change".  The  downwardly  pointing  arrow  indicates  the 
moment  at  which  the  500  MHz  recorder  was  triggered. 


4  -  DISCUSSION 


In  general,  the  lightning  RF  signals  discus¬ 
sed  in  this  report  agree  with  previously  published 
data.  We  have  found  no  mention  of  the  abrupt  way  in 
which  the  RF  emissions  start,  but  see  what  seem  to  be 
similar  beginnings  on  34  MHz  data  in  /5 /,  /8/  and 
/2c/.  A  sequence  of  negative  polarity  bipolar  E  field 
impulses  coincided  with  the  initial  RF  radiation  in 
event  022415,  an  intracloud  discharge.  Dipolar  E 
fields,  usually  of  positive  polarity,  have  also  been 
observed  tens  cf  milliseconds  before  the  first  return 
stroke  in  cloud-to-ground  discharges  /24,  29/  and 
sometimes  these  fields  also  coincide  with  the  initial 
RF  radiation.  These  cases  and  events  like  022415  are 
interesting  because  the  large  bipolar  field  amplitudes 
imply  large  channel  currents  which  occur  without  any 
evidence  at  VHF  and  UHF  of  earlier,  “preparatory", 
activity.  Is  this  true  or  were  the  vertical  RF  fields 
which  arrived  at  our  site  just  too  weak  to  be  mea¬ 
sured  ? 


Several  authors  have  noted  that  very  little 
or  no  RF  radiation  occurs  during  a  period  of  a  few 
nilliseconds  duration  immediately  following  return 
strokes  /6,  22,  30,  31/.  These  “quiet  periods"  were 
not  observed  following  the  three  first  return  strokes 
examples  presented  here  (points  1,  7  and  8  in  Fig.  6). 
It  is  difficult  to  explain  why  this  is  so  ;  we  do  not 
believe  it  is  an  effect  introduced  by  the  instrumen¬ 
tation.  It  is  possible  that  intracloud  activity  was 
occurring  before  and  continued  to  occur  during  and 
after  the  return  stroke  discharge.  In  one  case  (point 
8)  it  seems  almost  as  if  RF  emissions  we  restarted 
after  the  occurrence  of  the  return  stroke. 


and  500  MHz  radiation  (four  lowermost  traces)  pro¬ 
duced  during  the  intracloud  discharge  shown  in  Fig. 

14.  A  recording  of  the  conical  antenna  noise  level 
is  also  shown  (trace  labelled  "noise")  and  is  com¬ 
posed,  predominantly,  of  shortwave  and  FM  radio  trans¬ 
missions  . 

Our  results  show,  in  agreement  with  other 
authors,  that  intracloud  discharge  processes  are  a 
source  of  strong  RF  emissions.  Point  2  in  Fig.  6  was 
examined  in  Section  3.  Points  4  and  6  in  event  021729 
also  produced  strong  175  MHz  signals  and  were,  to  the 
best  of  our  kt.owledge,  intracloud  discharge  proces¬ 
ses. 

Let's  consider  briefly  the  conical  antenna 
measurements.  Two  very  different  kinds  of  signals  have 
been  obtained  depending  on  the  triggering  method  used. 
The  complex  examples  In  Figs.  9  and  15  were  obtained 
by  triggering  the  7912  recorder  externally  on  a  large 
amplitude  60  MHz  signal  (In  the  manner  dercrlbed  In 
Sect.  2).  Examining  the  60  MHz  fields  In  Figs.  9  and 
15  near  the  trigger  time,  we  see  that  It  wasn't  a 
single,  large  60  MHz  pulse  which  triggered  the  7912, 
but,  rather,  a  high  pulse  occurrence  rate  which  meant 
that  the  receiver  effectively  Integrated  or  summed  a 
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sequence  of  several  impulses.  These  separate  impulses, 
may  have  come  from  multiple,  even  widely  separated 
sources.  We  note,  in  addition,  in  Figs.  9  and  15  that 
the  RF  signals  were  not  necessarily  similar  at  the 
different  frequencies  and  that  appreciable  radiation 
was  present  at  500  MHz.  Considering  the  decreasing 
conical  antenna  sensitivity  with  Increasing  frequency, 
the  delay  line  attenuation  and  the  high  noise  levels, 
it  is  clear  that  the  E  field  variations  which  produced 
these  500  MHz  and  perhaps  even  the  175  MHz  emissions 
may  not  be  visible  on  the  7912  records  in  Figs.  9  and 
15. 


The  records  in  Figs.  12  and  13  were  obtained 
after  the  7912  digitizer  had  been  triggered  by  a  dE/dt 
signal  crossing  a  threshold  of  about  +  400  V/m//us. 
Single,  3  jus  wide,  pulses  of  60  and  175  MHz  radiation 
occurred  simultaneously.  Here,  we  note  that  the  time 
sequences  of  60  and  175  MHz  radiation  are  often  very 
similar  (between  50  and  100  ^us  in  Fig.  13,  for  exam¬ 
ple).  We  would  suggest,  therefore,  that  both  the  60 
and  175  MHz  emissions  were  produced  by  the  same  dis¬ 
charge  process.  Perhaps,  because  these  signals  occur¬ 
red  relatively  early  in  their  respective  discharges 
and  because  the  RF  activity  resembles  stepped  leader 
activity,  this  was  an  intracloud  leader  process.  The 
7912  recordings  might  correspond,  then,  to  one  step  of 
that  discharge.  If  this  were  true,  the  conical  antenna 
signals  would  indicate  that  a  leader  step  was  in  rea¬ 
lity  not  just  a  single  discharge  but  perhaps  3,  4  or  5 
separate  discharges  which  occur  in  a  period  of  1  to  3 
jus.  Note  also  in  Figs.  12  and  13  that  there  is  very 
little  radiation  at  500  MHz.  In  this  respect,  the  dis¬ 
charge  process  which  produced  the  signals  in  Figs.  12 
and  13  is  different  from  that  (those)  responsible  for 
the  Figs.  9  and  15  records. 

Finally,  it  was  with  single  impulses  of  RF 
radiation  like  in  Figs.  12  and  13  and  the  associated 
conical  antenna  signals  that  we  wished  to  test  the  two 
hypotheses  discussed  in  Sect.  1.  An  equipment  malfunc¬ 
tion  has  prevented  us  from  determining  relative  ampli¬ 
tude  spectra  for  these  two  events.  We  cannot,  there¬ 
fore,  say  whether  they  resemble  Fig.  1  and  thus 
whether  such  a  test  is  appropriate. 
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Abatract  -  An  experiment  to  measure  the  electric  field,  E,  dE/dt,  and  HF  signatures  that  are  produced 
by  lightning  return  strokes,  leader  steps,  and  Intracloud  discharge  processes  vas  conducted  at  the 
NASA  Kennedy  Space  Center,  Florida,  under  conditions  where  the  lightning  locations  were  known  and  where 
there  was  minimal  distortion  In  the  signals  due  to  ground-wave  propagation  or  the  recording  equipment. 
Values  of  the  maximum  dE/dt  during  the  Initial,  fast-rising  portion  of  first  return  strokes  have  a  mean 
and  standard  deviation  of  4S.4  ±  13.4  V/m/psec  when  range-normalized  to  100  k.m  and  a  full  width  at  half 
maximum  of  97  ±  18  nsec.  If  the  Initial  return  atroke  velocity  is  10®  m/sec,  these  dE/dt  results  Imply 
that  the  mean  maximum  dl/dt  at  the  lightning  source  is  about  230  kA/psec,  a  value  that  Is  substantially 
larger  than  most  tower  measurements  a...  current  test  standards.  The  Fourier  amplitude  spectrum  of  the 
fast  field  transition  In  first  strokes  is  In  good  agreement  with  previous  estimates  In  the  Interval 
from  1-4  MHz,  but  then  decreases  more  rapidly  with  frequency  above  4  MHz. 


I  -  INTRODUCTION 

Recent  measurements  have  shown  that  the  electric  and 
magnetic  fields  that  are  radiated  by  leader  atepa  and 
return  strokes  in  cloud-to-ground  lightning  and  by 
various  Intracloud  discharge  processes  all  contain 
large  submicrosecond  variations  when  there  Is  minimal 
distortion  In  these  fields  due  to  ground  wave  propa¬ 
gation  or  the  recording  equipment  [1-10].  Because 
submicrosecond  fields  have  Important  implications 
for  the  design  of  lightning  protection  systems,  a 
new  experiment  was  conducted  during  the  summer  of 
1984  to  determine  better  the  submlcrosecond  struc¬ 
ture  of  E  and  dE/dt  fields  with  particular  emphasis 
on  those  lightning  discharge  processes  that  might 
represent  the  greatest  hazard  to  aircraft  and  the 
strongest  source  of  interference  In  HF  communica¬ 
tions  systems.  In  this  psper,  we  will  describe  the 
design  of  the  experiment,  and  we  will  give  some 
Initial  results  for  one  Florida  thunderstorm. 


II  -  EXPERIMENT 

Lightning  electric  field,  E,  and  dE/dt  waveforms  were 
recorded,  together  with  the  output  of  a  wideband  HF 
receiver,  at  an  experiment  site  that  was  located  on 
the  eastern  tip  of  Cape  Canaveral,  Florida.  A  block 
diagram  of  the  antennas  and  recording  equipment  Is 
shown  in  Fig.  1,  and  a  map  showing  the  location  of 
the  site  is  given  In  Fig.  2.  The  antennas  were 
mounted  on  the  roof  of  a  grounded  metal  truck  and 
trailer  [maximum  dimensions  14.3m  L  x  4.4m  W  x 
3.6m  H]  that  were  part  of  a  U.S.  Air  Force  lightning 
experiment  [11].  The  antennas  and  signal  processing 
electronics  were  designed  to  provide  a  time-resolu¬ 
tion  of  about  10  nsec  on  a  dE/dt  signal  and  125  nsec 
on  E.  The  HF  receiver  could  be  tuned  to  any  frequency 
between  3  and  18  MHz,  and  the  bandwidth  was  1  MHz. 
Great  care  was  taken  to  maintain  a  precise  time-syn¬ 
chronization  of  all  records. 
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Fig.  1.  A  block  schematic  diagram  of  the  antennas 
and  waveform  recording  systems. 


Fig.  2.  The  locations  of  the  experiment  site  at 
Cape  Canaveral,  Florida;  the  lightning 
direction-finder  sites  (DF);  and  cloud- 
to-ground  discharges  on  Sept.  5,  1984. 
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The  dE/dt  signals  were  recorded  on  a  Tektronix  7834 
storage  oscilloscope  snd  a  Biomation  8100  waveform 
recorder.  E  and  HF  signals  were  digitized  on  Bio- 
mation  805  snd  1010  waveform  recorders,  snd  the 
anslog  outputs  were  photographed  on  oscilloscopes 
using  both  fsst  and  slow  time  scales. 

The  recording  system  could  be  triggered  either  on  the 
dE/dt  signal  (ss  shown  in  Fig.  1),  E,  or  the  output 
of  the  HF  receiver.  The  type  of  lightning  process 
thst  produced  s  particular  field  impulse  (e.g.  leader 
step,  return  stroke,  or  cloud  discharge)  was  deter¬ 
mined  from  the  overall  shape  of  the  E  signature,  snd 
the  HF  triggers  were  used  to  investigate  which  light¬ 
ning  process  produced  the  strongest  source  of  inter¬ 
ference  at  HF  frequencies. 

The  experiment  trailer  wss  located  as  close  ss  pos¬ 
sible  to  the  Atlantic  Ocean  so  that  the  field  from 
sny  lightning  discharge  that  occurred  over  the  ocean 
could  be  measured  with  minimum  distortion  due  to 
ground-wave  propagation.  The  locations  of  the  strike 
points  of  cloud-to-ground  discharges  were  provided  in 
resl-time  by  a  network  of  wldebsnd  magnetic  direction 
finders*  that  was  operated  by  the  U.  S.  Air  Force  and 
the  NASA  Kennedy  Space  Center.  The  locations  of  the 
direction-finder  (DF)  sites  are  shown  in  Fig.  2.  The 
principles  of  operation  of  the  DFs  and  the  lightning 
locating  system  have  been  described  by  [12-14],  and 
the  location  accuracy  has  been  verified  using  rocket- 
triggered  lightning  st  KSC  [15]. 


111  -  DATA 

During  the  summer  of  1984,  records  were  obtained  from 
about  4  thunderstorms  that  occurred  over  the  ocean 
within  100  km  of  the  experiment  site.  One  of  these, 
a  large  storm  on  September  5,  contained  a  cell  that 
was  centered  about  35  km  to  the  east,  a  region  of 
optimum  accuracy  for  the  lightning  locating  system. 
During  the  interval  from  20:46  to  21:18  UT,  about 

112  correlated  records  were  obtained  using  an  HF 
trigger  at  5  MHz,  and  64  of  these  were  from  first 
return  strokes.  The  locations  of  these  discharges 
are  shown  in  Figure  2. 

Figure  3  shows  an  example  of  the  dE/dt,  E,  and  HF 
waveforms  that  were  produced  by  the  first  return 
stroke  in  a  cloud-to-ground  discharge  at  a  range  of 
36.2  km.  Note  that  the  dE/dt  signal  has  a  maximum  of 
about  125  V/m/usec  and  that  the  full-width  at  half- 
maximum  (FWHM)  of  this  signal  is  about  90  nsec.  The 
E  signal  has  a  peak  of  about  22  V/m,  and  the  arrow 
below  the  peak  shows  the  time  of  the  dE/dt  trigger. 
The  HF  record  has  a  large  peak  at  the  same  time  as 
the  dF/dt  record,  and  there  is  a  second  peak  in  the 
HF  signal  ebout  35  psec  after  the  first  peak. 


IV  “  KESmTS 

Return  Strokes 


in  general,  the  shape  of  the  electric  field  that  is 
radiated  by  a  return  stroke  depends  on  whether  it 
is  the  first  return  stroke  in  a  flash,  a  subsequent 
return  stroke,  or  a  subsequent  return  stroke  that  is 
preceded  by  a  dart-atepped  leader  [1].  First  stroke 
fields  begin  with  a  relatively  slow  “front"  that 
rises  for  2  to  8  psec  to  about  half  the  peak  field 

*  Manufactured  by  Lightning  Location  and  Protection, 
Inc.,  Tucson,  Arizona  85719. 
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Fig.  3.  Examples  of  the  dE/dt  signature  (top).  E 

waveform  (middle),  and  HF  emission  produced 
by  a  first  return  stroke  at  36.2  km. 

amplitude.  This  front  is  followed  by  s  fast  transi¬ 
tion  to  peak,  and  it  is  this  fast  transition  that 
is  of  primary  Interest  in  this  report.  Subsequent 
strokes  produce  fields  that  have  fast  transitions 
very  similar  to  first  strokes,  but  fronts  that  last 
only  0.5  to  1  psec  and  that  rise  to  only  sbout  20Z 
of  the  peak  field  amplitude. 

The  values  of  the  maximum  dE/dt  during  the  fast  field 
transition,  the  FWHM  of  dE/dt,  and  the  electric  field 
peak,  Ep,  are  summarized  in  Tr' le  1  for  first  return 
strokes,  normal  subsequent  return  strokes,  snd  sub¬ 
sequent  strokes  that  were  preceded  by  s  dart-stepped 
leader.  In  each  entry,  N  is  the  total  number  of 
records  that  were  analyzed,  and  o  is  the  standard 
deviation.  All  values  of  dE/dt  and  E  have  been  nor¬ 
malized  to  a  range  of  100  km,  assuming  that  the  mea¬ 
sured  amplitudes  have  an  Inverse  distance  dependence 
on  range,  and  a  histogram  of  the  first-stroke  values 
is  shown  in  Figure  4.  It  should  be  noted  in  Table  1 
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Fig.  4,  Histogram  of  the  peak  dE/dt  values  produced 
by  62  first  return  strokes  after  they  are 
range-normalized  to  a  distance  of  100  km. 
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chat  the  largest  values  of  dE/dt  are  produced  by 
subsequent  return  strokes  that  are  preceded  by  dart- 
stepped  leaders. 


TABLE  1 

Summary  of  the  Maximum  dE/dt,  FWHM,  and  Peak  E  Values 
for  Return  Strokes  with  Range-Normalization  of  100  km 


Type  of 

Stroke 

Max  dE/dt 
(V/m/psec) 

FWHM 

(nsec) 

Peak  E* 
(V/m) 

First 

N 

m 

62 

N  - 

64 

N  - 

48 

Return 

dE/dt 

m 

45.4 

FWHM  - 

97.2 

E  - 

P 

11.1 

Strokes 

0 

as 

13.4 

o  - 

18.4 

a  - 

3.7 

Normal 

N 

■ 

6 

N  - 

7 

N  - 

5 

Subsequent 

dE/dt 

40.6 

FWHM  - 

81.4 

E  - 

P 

4.5 

Strokes 

0 

■ 

18.0 

o  - 

10.7 

0  * 

1.9 

Dart-Stepped 

N 

as 

7 

N  - 

7 

N  - 

6 

Subsequent 

dE/dt 

■ 

51.7 

FWHM  - 

98.6 

F~  - 

p 

8.7 

Strokes 

0 

as 

11.5 

0  - 

16.8 

0  - 

2.2 

*  Some  E  fields  exceeded  the 
recording  system;  therefore, 
be  regarded  aa  lower  limits. 

dynamic  range 
the  values  of 

of  the 

Ep  should 

TABLE  2 

Summary  of  the  Maximum  dE/dt  Values  of  Leader  Steps 
and  Cloud  Pulses  with  a  Range-Normalization  of  100  km 


Max  dE/dt  FWHM 

(V/m/usec)  (nsec) 


Leader  Steps 


N  -  17 


N  -  B 


the  recording  system  just  before  there  was  a  return 
strike.  The  maximum  dE/dt  occurs  during  the  initial 
rise  of  the  step  waveform,  and  values  of  this  quan¬ 
tity,  range-normalized  to  100  km,  and  the  FWHM  are 
summarized  in  Table  2.  Although  the  values  of  the 
maximum  dE/dt  and  FWHM  for  leader  steps  are  smaller 
than  those  for  return  strokes,  the  shapes  of  the 
dE/dt  signatures  are  very  similar. 


FrsquMcy(MHi) 

Fig.  5.  The  mean  amplitude  spectrum  of  59  first 
return  strokes  during  the  initial,  fast- 
field  transition.  The  standard  devia¬ 
tions  are  about  3  db  at  1  MHz  and  increase 
uniformly  to  about  6  dB  at  10  MHz.  The 
data  of  Weldman  and  Krlder  [23]  are  shown 
for  comparison. 

Cloud  Pulses 


The  overall  shapes  of  the  radiation  fields  that  are 
produced  by  intracloud  discharge  processes  have  been 
discussed  by  [7]  and  [8].  In  general,  the  shapes  of 
the  larger  pulses  tend  to  be  bipolar  with  several, 
fast,  unipolar  impulses  superimposed  on  the  initial 
half-cycle.  The  unipolar  structures  have  fast  rise- 
times,  and  the  shapes  of  the  dE/dt  signatures  during 
these  transitions  are  very  similar  to  the  shapes  of 
the  signatures  produced  by  return  strokes  and  leader 
steps.  Values  of  the  maximum  dE/dt,  range-normalized 
to  100  km,  of  22  cloud  pulses  that  preceded  the  first 
return  stroke  in  a  ground  discharge  are  also  summar¬ 
ized  in  Table  2. 
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FWHM  *  68.8  Amplitude  Spectrum  of  First  Return  Strokes 


o  “  6.0 


o*  6.4 


Cloud  Pulses  N  ■  22 

dE/dt  -  9.2 

o  *  5.4 


Leader  Steps 

The  overall  shapes  of  tn  fields  that  are  radiated 
by  individual  steps  of  the  stepped-leader  have  been 
discussed  in  (3)  and  (4).  As  the  leader  nears  the 
ground,  the  amplitude  of  an  individual  step  impulse 
increases,  and  occasionally  such  a  step  triggered 


The  interactions  of  lightning  fields  with  aircraft, 
space  vehicles,  and  many  other  systems  depend  on  the 
amplitudes  of  these  fields  at  frequencies  that  corre¬ 
spond  to  the  structure  resonances  | 16—1 9 ] .  Since  the 
physical  dimensions  of  many  objects  of  interest  are 
in  the  range  from  10  to  ICO  m,  frequencies  in  the 
range  from  about  1.5  to  15  MHz  (l.e.,  frequencies 
for  which  half  the  associated  wavelength  equals  the 
structure  dimension)  are  of  primary  importance.  In 
order  to  determine  the  amplitude  spectrum  in  this 
frequency  interval,  we  have  Fourier  analyzed  the 
time-domain  dE/dt  waveforms  that  were  recorded  on 
the  Blomatlon  8100.  First,  each  waveform  was  range- 
normallzed  to  a  distance  of  50  km,  assuming  an 
inverse  distance  dependence  on  range,  and  then  a 
5.12  pace  interval  (517  points  at  10  nsec  per  point) 
that  waa  centers'*,  on  ine  peak  of  the  dE/dt  signal  was 
selected  for  analysis.  The  waveform  was  multiplied 
by  a  Hanning  (cosine)  windowing  function  to  eliminate 
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truncation  errors  and  then  analyzed  using  a  fast 
Fourier  transform  (FFT).  We  assume  that  the  spectral 
amplitude  of  E  at  a  particular  frequency,  £(f),  is 
related  to  the  amplitude  of  the  transform  of  dE/dt 
through  the  relation 

l«*)|  -  \§\ /**  • 

Figure  5  shows  the  average  amplitude  spectrum  of  the 
initial,  fast  transition  in  59  first  return  strokes. 
Here  the  amplitudes  are  shown  in  dB  from  a  reference 
level  of  1  V/m/Hz,  i.e.,  20  times  the  logarithm 
(base  10)  of  £(f).  By  plotting  the  data  in  this  way, 
we  obtain  a  graphic  representation  of  the  spectral 
energy  density  vs.  frequency  that  can  be  compared 
directly  with  previous  work  [20-231.  Note  in  Fig.  5 
how  the  average  spectrum  is  in  good  agreement  with 
Veldman  and  Krlder  [23]  below  about  4  MHz,  but  that 
at  higher  frequencies  the  decrease  with  frequency  is 
substantially  more  rapid. 

V  -  DISCUSSION 

The  mean  maximum  dE/dt  that  we  have  given  for  first 
return  strokes  is  45.4  V/m/psec  at  100  km.  This  value 
is  about  331  larger  than  the  33  V/m/psec  previously 
reported  by  Veldman  and  Krlder  [9,101  and  clearly 
confirms  the  presence  of  large,  submicrosecond  varia¬ 
tions  in  the  fields  produced  by  return  strokes.  Our 
value  is  larger  than  [9,10]  possibly  because  the 
results  of  [9,1G]  were  derived  almost  entirely  from 
E  measurements,  rather  than  dE/dt,  and  the  measure¬ 
ments  oi  the  initial  slopes  of  E  may  have  underesti¬ 
mated  the  true  peak  values.  Another  reason  might  be 
that  our  data  were  obtained  using  a  trigger  signal 
that  was  derived  from  an  HF  receiver,  and  this  may 
have  biased  our  data  toward  higher  values  of  dE/dt. 

In  any  case,  it  seems  clear  that  a  large  fraction  of 
all  types  of  return  strokes,  leader  steps,  and  cloud 
pulses  produce  large  dE/dt  signals  with  a  FWHM  on 
the  order  of  90  nsec.  We  will  now  examine  the  impli¬ 
cations  of  these  results  for  the  current  at  the 
lightning  source. 

The  Implications  that  lightning  fields  have  for 
lightning  curienta  have  been  discussed  previously 
by  [24]  and  other*.  If  we  assume  that  the  Initial, 
fast-field  components  that  are  produced  by  leader 
steps,  return  strokes,  and  cloud  pulses  can  all  be 
described  by  a  transmission-line  model,  then  the  max¬ 
imum  rate  of  change  of  the  channel  current  Is  related 
to  the  maximum  field  derivative  through  the  relation: 

dl(t)  «(t  ♦  °/c) 

dt  v  dt  ’ 

where  D  Is  the  distance  to  the  discharge,  v  Is  the 
velocity  of  the  current  pulse,  and  where  the  channel 
hss  been  assumed  to  be  perpendicular  to  a  flat,  per¬ 
fectly  conducting  ground  (24].  This  relation  also 
assumes  that  the  measured  field  Is  produced  by  a 
single  current  pulse  that  propagate*  without  distor¬ 
tion  up  a  single  channel  at  a  constant  velocity. 

If  we  assume  that  v  for  first  return  strokes  near  the 
ground  la  about  10s  m/sec  (25),  then  a  mean  dE/dt  of 
45.4  1  13.4  V/m/|isec  at  100  km  (Figure  4)  Implies 
that  the  associated  mean  maximum  dl/dt  Is  227  1  67 
kA/wsec,  a  value  that  la  considerably  larger  than 
most  measurements  during  strikes  to  Instrumented 
towers  (26-28).  The  reason  for  this  might  be  due 
to  limitations  In  the  tower  data  recording  system* 
or  reading  these  data,  or  perhaps  because  the  towers. 


which  are  located  on  mountains  of  rock,  or  the  upward 
connective  leaders  which  originate  from  the  towers, 
limit  the  maximum  rate  of  rise  of  current  that  can  be 
measured  with  this  technique.  Another  reason,  again, 
might  be  that  our  dE/dt  recording  system  may  not  have 
recorded  all  of  the  smaller  return  strokes.  Finally, 
if  the  fast-field  transitions  are  produced  by  more 
than  one  current  pulse  radiating  at  the  same  time, 
then  our  inferred  values  of  dl/dt  will  overestimate 
the  true  value  for  one  pulse.  Since  a  mean  dl/dt  of 
about  230  kA/psec  is  larger  than  the  dl/dt  used  In 
most  lightning  test  standards,  we  think  that  these 
problems  warrant  further  study. 
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Abstract  -  It  is  recognized  that  the  physical  processes  of  the  lightning  stroke  and  of  the  laboratory 
long  spark  present  similarities,  but  a  complete  simulation  is  not  conceivable.  However  the  laboratory 
spark  can  be  used  to  simulate  some  features  of  lightning  and  to  study  their  consequences  on  aircrafts 
and  structures.  On  the  basis  of  the  physics  of  the  phenomena,  the  possibilities  and  limitations  of  the 
simulation  are  discussed. 


1  -  INTRODUCTION 

Is  it  possible  to  learn  something  about  lightning  and 
its  effects,  through  laboratory  tests  ?  It  is  a  plati¬ 
tude  to  say  that  the  study  of  lightning  is  difficult 
because  it  occurs  at  time  and  location  which  are  not 
controlled.  On  the  contrary,  in  a  high  voltage  labora¬ 
tory,  the  long  spark  can  be  studied  in  details  because 
its  occurence  is  controlled,  because  it  can  be  repea¬ 
ted  and  because  sophisticated  measuring  techniques  can 
be  used.  As  a  consequence,  the  level  of  knowledge  is 
different  and  direct  comparison  may  not  be  convincing. 
Furthermore,  the  scale  is  obviously  different  and,  as 
most  of  the  processes  are  not  linear,  it  is  rather 
difficult  to  identify  identical  phenomena  in  both 
discharges. 

However,  even  if  a  complete  simulation  of  lightning  is 
not  conceivable,  it  is  recognized  for  years  !M  that 
the  physical  mechanisms  of  the  lightning  stroke  and  of 
the  laboratory  long  spark  present  similarities.  Some 
features  can  be  reproduced  and  used  to  evaluate  some 
consequences  of  natural  lightning,  namely  on  aircrafts 
or  grounded  structures. 

After  a  brief  review  of  the  laboratory  test  facilities 
and  measuring  techniques,  the  main  features  of  the 
long  spark  will  be  presented  together  with  the  influ¬ 
ence  of  experimental  conditions.  Then,  the  final  stage 
of  the  discharge  will  be  described  in  connection  with 
the  striking  of  earthed  structures.  Finally,  some  cha¬ 
racteristics  of  the  discharge,  when  it  Interacts  with 
a  free  potential  electrode  Inside  the  gap,  will  be 
given. 

2  -  THE  HIGH  VOLTAGE  LABORATORIES  FACILITIES 

This  is  not  the  aim  of  this  paper  of  describing  high 
voltage  laboratory  facilities.  However,  it  is  necessa¬ 
ry  to  Introduce  the  tools  available  for  the  long  spark 
study. 

The  voltage  supply  is  usually  a  multistage  Marx  gene¬ 
rator  which  delivers  biexponential  voltage  Impulses. 
The  impulse  shape  is  characterized  by  two  paiameters  : 
Tcr  and  Tg.  Tcr  is  the  duration  of  the  impulse  front, 
Tg  is  the  time  at  which  the  voltage  reaches  half  of 
the  impulse  amplitude  (on  the  impulse  tail). 

The  shape  of  these  impulses  can  be  varied  in  a  large 
range  by  changing  the  front  and  tail  resistors  of  the 
generator  or  by  adding  a  front  capacitor.  Their  ampli¬ 


tude  are  directly  proportional  to  the  charging  voltage 
which  can  reach  6  MV.  The  energy  stored  in  the  capaci¬ 
tors  can  reach  300  to  500  kJ. 

The  shape  and  amplitude  of  the  generated  impulses  are 
measured  thanks  to  voltage  dividers  and  the  associated 
recording  devices.  An  example  of  experimental  arrange¬ 
ment  is  given  by  Figure  1. 


Figure  1  :  U.H.V.  Laboratory  at  Les  Renardifcres  (France) 
View  of  the  experimental  test  circuit  used 
fo*  the  physical  study  of  a  17  m  rod  plane  gap. 
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Provided  that  the  laboratory  can  be  darkened,  optical 
,neasuring  devices  such  as  cameras,  photomultipliers, 
image  converters,  strioscopic  and  spectroscopic  appa¬ 
ratuses  can  be  used.  This  allows,  for  instance,  to 
build  a  four  dimensional  picture  of  the  discharge  (x, 
y,z,t),  to  measure  the  thermal  diameter  of  the  channel 
and  to  analyse  the  spectrum  of  the  radiated  light. 

Furthermore,  the  experimental  study  of  the  spark  can 
be  completed  by  the  use  of  field  probes  and  current  or 
charge  measurements.  By  using  optical  fiber  transmis¬ 
sions,  these  measurements  can  be  performed  at  the  ener¬ 
gized  electrode  but  also  at  a  free  potential  electrode. 
They  can  be  used  to  evaluate  the  position  and  the 
quantity  of  space  charge  present  in  the  gap. 

These  techniques  have  been  widely  used  by  the  "Les 
Renardibres  Group"  /2-5/  and  will  not  be  anymore  de¬ 
tailed  here. 

3  -  PHYSICAL  FEATURES  OF  THE  LABORATORY  SPARK 
3. 1  The  Positive  Spark 

Conventionally,  the  positive  spark  is  a  discharge  which 
develops  in  the  field  direction.  This  is  the  discharge 
which  develops  from  the  rod  toward  the  plane  when  a 
positive  impulse  is  applied  to  the  rod  of  a  rod  plane 
gap.  Its  structure  is  illustrated  by  Figure  2.  A  nar¬ 
row  channel,  called  leader,  elongates  from  the  rod 
thanks  to  a  corona,  composed  of  streamers  and  located  at 
its  tip.  The  leader  channel  is  a  medium  where  therma- 
lization  is  in  progress.  It  radiates  in  the  red  /3/. 
On  the  contrary,  the  streamer  zone  where  energetic 
electrons  are  moving  in  a  cold  gas,  is  characterized 
by  a  U.V.  spectrum.  The  discharge  characteristics  (lea¬ 
der  velocity,  current,  streamer  length)  depend  on  the 
gap  length  and  on  the  shape  and  amplitude  of  the  vol¬ 
tage  impulse. 


a 


2 


4 


m 


I  ♦ . - . ♦  I  > 

0  2  SO  SOO  730  l(ps) 


Figure  2  :  Five  different  stages  of  the  positive 
discharge  recorded  by  an  image  converter 
camera  operating  in  the  frame  mode. 


For  a  given  gap  length,  it  exists  a  value  of  Trr<  said 
as  critical,  for  which  the  breakdown  voltage  is  mini¬ 
mum.  This  critical  time-to-crest  is  generally  taken  as 
reference  and  can  be  roughly  characterized  by  /6/  : 

Tcr.crit  *  40  (d  ♦  1)  us,  m  (1) 

For  gap  length  of  several  meters,  this  critical  time- 
to-crest  is  of  the  order  of  several  hundreds  of  us, 
corresponding  to  rather  long  front  Impulses,  usually 
called  switching  impulses  in  network  terminology. 


In  these  conditions,  the  leader  elongates  continuously 
and  the  breakdown  voltage  of  the  rod-plane  configura¬ 
tion  is  given  by  /7 /  : 

U  =  kv.  m  (2) 

This  means  that  in  order  to  create  a  15  m  spark,  a  vol¬ 
tage  impulse  of  at  least  2.5  MV  is  needed.  Taking  into 
account  the  generator  possibilities,  much  longer  sparks 
can  be  easily  obtained.  However,  due  to  limited  clea¬ 
rances  to  the  walls  in  the  existing  indoor  laborato¬ 
ries,  this  is  the  order  of  magnitude  of  the  longest 
positive  spark  which  can  be  created. 


As  far  as  the  physical  characteristics  are  concerned, 
the  following  orders  of  magnitude  can  be  given  /3 , 4/ 
according  to  the  experimental  conditions  : 


-  leader  diameter  : 

-  electric  field  along  the  leader  : 

-  streamer  zone  length  : 

-  current  : 

-  leader  velocity  : 

-  mean  electric  field  along 
the  streamer  path  : 


1  to  10  mm 
500  to  1000  V/ cm 
0.5  to  3  m 
0.5  to  1  A 
1.2  to  2  cm/us 

4  to  5  kV/cm 


If  the  rate  of  rise  of  the  applied  voltage  is  decrea¬ 
sed  (Tcr  >  Tcr-Crft)>  the  leader  propagation  becomes 
discontinuous.  As  far  as  the  authors  know,  the  light¬ 
ning  discharge  never  exhibits  such  a  behaviour.  Conse¬ 
quently,  this  propagation  mode  will  not  be  detailed. 

On  the  contrary,  if  the  rate  of  rise  of  the  applied 
voltage  is  higher  than  critical,  the  leader  elongation 
remains  continuous  with  a  higher  velocity  and  a  higher 
current.  As  velocity  and  current  are  linked  with  a  re¬ 
lationship  like  : 


v  *  K  •  In 


with  n  <  1 


at  a  given  increase  of  current  corresponds  a  much  smal¬ 
ler  relative  increase  of  the  velocity.  The  streamer 
length  is  also  significantly  Increased  so  that  it  is 
quite  easy  to  make  them  bridge  the  whole  gap.  At  this 
stage,  the  cathode  starts  to  play  a  role  in  the  proces¬ 
ses  and  the  leader  propagation  is  no  more  "free".  This 
means  that,  in  laboratory  conditions,  it  is  not  possi¬ 
ble  to  increase  the  leader  velocity  beyond  values  of 
about  2  cm/us  without  the  cathode  intervening  in  the 
mechanism. 


3.2  The  Negative  Spark  :  A  Stepped  Discharge 

Using  the  same  convention  as  for  the  positive  spark, 
the  negative  spark  is  observed  in  a  negative  rod  plane 
gap.  It  propagates  against  the  electric  field.  Depen¬ 
ding  on  the  gap  length,  the  breakdown  voltage  under 
negative  polarity  is  2  to  3  times  higher  than  that  in 
positive  polarity  /5/.  Consequently,  for  a  given  labo¬ 
ratory  size,  the  longest  possible  negative  spark  will 
be  shorter  than  the  longest  positive  one.  Further¬ 
more,  some  precautions  have  to  be  taken.  As  a  matter 
of  fact,  in  such  a  case  the  earthed  structures  act  as 
anode  and  can  be  the  origin  of  positive  sparks.  As  a 
result,  for  a  negative  rod-earthed  rod  gap,  in  most 
cases,  the  spark  will  be  a  positiveone  elongating  from 
the  earthed  rod  toward  the  negative  rod,  rather  than  a 
negative  spark  elongating  in  the  other  direction. 

Nevertheless,  as  the  positive  spark,  the  negative 
spark  is  characterized  by  a  critical  value  of  Trr  for 
which  the  breakdown  voltage  is  minimum.  This  value  is 
smaller  than  that  of  the  positive  spark  for  a  given 
distance.  For  Tcr  values  higher  than  the  critical  va- 
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lue,  the  leader  elongation  proceeds  clearly  by  steps 
(Figure  3).  Between  successive  steps,  no  luminous  event 
can  be  detected  in  the  gap.  The  time  between  succes¬ 
sive  steps  is  of  some  tens  of  microseconds.  Each  step 
elongates  the  leader  of  some  tens  of  centimeters  so 
that  the  negative  leader  elongates  at  an  average  velo¬ 
city  of  about  1  cm/ys.  The  current  impulse  associated 
to  each  step  reaches  some  tens  of  amperes.  The  rise 
time  of  these  current  pulses  is  very  short,  some  tens 
of  nanoseconds,  so  that  the  dl/dt  value  reaches  proba¬ 
bly  1  kA/us  or  more.  The  limitation  of  the  bandwidth 
of  the  measuring  devices  generally  used  does  not  allow 
to  give  a  more  precise  value.  These  fast  developing 
ionization  phenomena  are  presumably  the  source  of  an 
intense  electromagnetic  radiation.  However,  as  far  as 
the  authors  know,  no  specific  work  was  done  in  order 
to  correlate  these  processes  to  the  RF  signals  genera¬ 
ted  by  the  spark. 


Figure  3  :  Negati  ve  discharge  corres  ponding  to 
Ter  >  Tcr,  recorded  by  an  image  conver¬ 
ter  camera  operating  in  the  streak  mode. 
D  *  4  m. 


If  the  time-to-crest  of  the  applied  Impulse  is  equal  to 
or  lower  than  the  critical  value,  the  structure  of  the 
discharge  is  much  more  complicated  (Fig.  4).  Basically, 
the  discharge  keeps  its  stepped  nature.  However,  a  com¬ 
plex  sequence  of  negative  streamers,  spatial  stem, 
spatial  leader  and  positive  streamers  exists  between 
successive  steps  /5/.  When  a  spatial  leader  meets 
the  negative  leader,  the  whole  channel  reilluminates 
violently  and  the  leader  is  lengthened  by  the  spatial 
leader  length.  These  reil luminations  have  characteris¬ 
tics  similar  to  those  existing  for  long  Tcr.  However, 
between  steps,  the  current  is  formed  of  sharp  pulses 
with  an  average  value  of  about  1  A,  the  negative 
leader  continues  to  elongate  so  that  the  overall  velo¬ 
city  of  propagation  is  higher  than  for  long  Tcr.  As  the 
large  current  pulses  associated  to  the  steps,  these 
smaller  pulses  participate  probably  in  the  emission  of 
RF  signals. 

From  a  physical  point  of  view,  it  can  be  concluded 
that  positive  and  negative  leader  channels  have  Iden¬ 
tical  properties.  The  difference  between  the  positive 
and  the  negative  discharge  Is  in  the  structure  of  the 
leader  corona.  As  a  consequence,  the  electric  field  In 
the  corona  region  Is  also  different.  For  the  negative 
streamers,  values  of  11  to  16  kV/cm  have  been  proposed 
/  5/ . 


Figure  4  :  I.C.  streak  cameragram  of  a  negative  dis¬ 
charge  corresponding  to  Tcr  <  Tcr  crit. 

D  =  7  m. 

3.3  Similarities  with  the  lightning  stroke 

The  lightning  stroke  exhibits  different  features  depen¬ 
ding  upon  the  cloud  charge  and  on  the  shape  of  the 
earthed  structures.  A  classification  has  been  proposed 
by  K.  BERGER  /8/.  Basically,  two  different  types  of 
discharge  are  clearly  identified. 

.  The  more  common  is  the  well  known  stepped  leader 
/8,  9/,  which  propagates  downward  from  negatively  char¬ 
ged  clouds,  by  steps  of  some  tens  of  meters  each  50  ys. 
The  average  velocity  reaches  15  to  20  cm/ys.  It  is 
clear  that  these  orders  of  magnituda  are  different 
from  those  measured  in  a  laboratory.  In  fact,  these 
difference  may  be  due  to  the  fact  that  in  laboratory, 
there  is  not  enough  space  to  allow  the  development  of 
a  strong  corona.  Furthermore,  due  to  the  lack  of  detai¬ 
led  knowledge  of  the  lightning  stepped  leader,  it  is 
not  possible  to  select  the  laboratory  mechanism  (with 
or  without  the  mechanism  of  spatial  leader  described 
above)  which  better  fits  the  lightning  processes.  As 
corona  radiates  essentially  in  the  U.V.  range,  which 
is  strongly  absorbed  by  air,  it  will  be  difficult  to 
solve  this  problem.  As  far  as  the  RF  signals  generated 
by  lightning  are  concerned,  a  lot  of  work  has  been 
done/10/.  Unfortunately,  in  this  case,  the  data  rele¬ 
vant  to  the  long  spark  are  not  available.  Nevertheless, 
the  similarities  are  so  obvious  that  it  is  highly  pro¬ 
bable  that  the  basic  mechanisms  are  comparable. 

The  second  type  of  lightning  discharge  is  the 
downward  leader  propagating  from  positively  charged 
clouds.  This  type  is  also  observed  for  negatively  char¬ 
ged  clouds,  either  during  the  final  stage  of  lightning 
when  an  upward  leader,  starting  from  a  grounded  struc¬ 
ture,  goes  to  meet  a  downward  negative  leader,  or,  when 
lightning  is  the  consequence  of  an  upward  leader  star¬ 
ting  from  a  very  high  tower  /8/  or  a  rocket  in  case  of 
triggered  lightning  /ll/.  In  all  these  cases,  this  is 
a  continuous  discharge  which  develops  In  the  field  di¬ 
rection  at  a  velocity  of  5  to  10  cm/ys  with  an  associa¬ 
ted  current  of  some  tens  or  hundreds  of  ampbres.  Again, 
the  orders  of  magnitude  for  lightning  are  significant¬ 
ly  higher  than  the  corresponding  figures  which  relate 
to  the  long  spark.  This  has  been  already  ascribed  to 
the  small  extension  of  the  laboratory  corona.  The  other 
difference  Is  in  the  brightness  of  the  leader  corona, 
which  Is  much  lower  for  lightning  than  for  the  sparx, 
and  this  may  be  due  to  air  absorption  of  the  U.V. 
light.  Globally,  as  the  discharge  structure  looks  the 
san*,  it  can  be  concluded  that  the  laboratory  positive 
spark  Is  a  good  image  of  the  lightning  discharge  which 
propagates  In  the  field  direction. 
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4  -  TRANSITION  TO  ARC  :  THE  ROLE  OF  THE  GROUNDED 
ELECTRODE 


As  the  protection  of  earthed  structures  is  one  of  the 
main  objectives  of  lightning  studies,  it  is  of  inte¬ 
rest  to  describe  the  mechanisms  which  occur  in  the  vi¬ 
cinity  of  grounded  electrodes  in  laboratory  and  which 
determine  the  choice  of  the  stricken  structure. 

In  fact,  the  previously  described  discharges  are  pure 
or  "free  discharges".  They  start  from  an  electrode  and 
propagate  through  the  gas  toward  the  opposite  electro¬ 
de.  At  a  given  instant,  the  most  advanced  part  of  the 
discharge  starts  to  interact  either  with  the  opposite 
electrode  or  with  a  counter  discharge  which  originates 
from  it.  The  discharge  is  no  more  free.  The  physical 
processes  are  modified  and  the  discharge  enters  a 
"forced  regime",  generally  called  final  jump  in  the 
long  spark  terminology.  It  can  take  several  forms,  de¬ 
pending  on  the  electrode  shape  and  polarity. 

For  the  positive  discharge,  the  cathode  has  a  passive 
role  if  it  is  a  plane  (Fig.  5a).  If  a  rod  is  installed 
on  the  plane,  a  negative  leader  is  able  to  develop  to¬ 
ward  the  positive  leader,  but  only  after  the  arrival 
of  the  positive  streamers  at  the  cathode  (Fig.  5b).  As 
rather  long  gaps  (15  m)  can  be  studied  in  this  case, 
a  positive  leader  propagating  freely  -  i.e.  without 
the  intervention  of  the  cathode  -  over  ID  metres  can 
be  easily  analysed.  It  is  important  to  note  that,  as 
the  cathode  plays  only  a  passive  role,  the  stricken 
point  is  choosen  by  the  positive  streamers  of  the  lea¬ 
der  corona.  This  point  may  not  correspond  to  the  part 
of  the  earthed  structure  where  the  electric  field  is 
maximum. 

For  the  negative  discharge,  even  if  the  anode  is  a 
plane,  a  positive  leader  develops  toward  the  negative 
leader  as  soon  as  the  negative  streamers  reach  the  pla¬ 
ne  (Fig.  5c).  If  a  rod  is  installed  on  the  plane,  po¬ 
sitive  streamers  are  able  to  develop  from  the  rod, 
toward  the  negative  discharge,  before  the  arrival  of 
the  negative  streamers  at  the  rod  (Fig.  5d)  / 5/.  In 
fact,  the  positive  streamers  develop  from  the  points 
of  the  earthed  structure  where  the  field  reaches  a  cri¬ 
tical  level.  As  this  field  is  due  both  to  the  applied 


Figure  5  :  Different  patterns  of  the  discharge  at  the 
final  jump  according  to  the  polarity  and 
thp  rnnf iguration  of  the  earthed-electrode. 


voltage  and  to  the  negative  leader,  the  starting  point 
of  the  streamers  may  be  out  of  the  rod  if  the  negative 
leader  is  too  far  from  it  (Fig.  6).  The  region  of  the 
space  where  the  positive  and  the  negative  discharges 
meet  together  is  characterized  by  a  "loop"  formed  by 
the  branches  of  the  two  leaders  (Fig.  6).  Due  to  the 
oxi stance  of  a  positive  counter  discharge  which  is  ra¬ 
ther  developed  and  also  due  to  the  fact  that  shorter 
gap  length  can  only  be  studied,  the  maximum  length  of 
a  negative  leader  propagating  freely  is  only  2  to  3  m 
in  a  laboratory. 


(•)  (b) 


Figure  6  :  Still  protographs  of  a  series  of  discharges 
in  a  5  m  gap,  with  18  cm  earthed  rod  (a) 
and  without  rod  (b). 

Whatever  the  polarity  is,  as  soon  as  the  leader  channel 
reaches  the  opposite  electrode,  or  alternatively  the 
counter  channel,  a  highly  luminous  front  propagates  at 
about  50  m/us  from  the  meeting  point  of  the  leaders 
toward  the  electrodes  /12/ .  This  is  the  return  stroke 
which  initiates  a  phase  where  the  characteristics  of 
the  discharge  are  completely  ruled  by  the  external  cir¬ 
cuit.  This  is  the  discharge  of  the  generator  capaci¬ 
tances  in  the  low  impedance  leader  channel.  The  diame¬ 
ter  of  the  discharge  channel  is  suddenly  Increased  from 
some  millimeters  up  to  1  to  2  cm.  The  current  pulse 
corresponding  to  this  phase  has  typically  a  2/ ID  us 
shape  and  an  amplitude  of  5  to  ID  kA. 

The  preceding  description  recalls  some  features  of  the 
lightning  channel.  In  particular.  Figure  6  illustrates 
the  protective  action  of  a  lightning  rod.  However,  a 
general  observation  can  be  made.  In  a  laboratory,  two 
free  leaders,  a  oositive  one  and  a  negative  one,  elon¬ 
gating  toward  each  other,  were  never  observed  if  we 
except  the  case  where  both  electrodes  are  energized. 
In  case  of  lightning,  this  situation  is  quite  common 
is  it  is  the  case  of  a  negative  lightning  leader  ap¬ 
proaching  the  ground  where  prominent  structures  (chim¬ 
neys,  towers,  mountains)  exist.  This  difference  can  be 
ascribed  to  the  fact  that  in  a  laboratory,  there  is  not 
enough  space  for  the  discharge  to  develop  and  to  become 
strong  enough  to  create  an  electric  field  sufficient 
for  initiating  a  counter  leader  at  the  opposite  elec¬ 
trode  before  its  own  arrival.  In  fact,  the  laboratory 
case  illustrated  by  Figure  5d  justifies  clearly  tnis 
assumption  :  the  positive  discharge  (streamers)  is  ini¬ 
tiated  before  the  arrival  of  the  negative  streamers  at 
the  earthed  rod  but  there  is  not  enough  time  (and  spa¬ 
ce)  before  their  arrival  to  allow  the  evolution  of 
streamers  into  leader.  In  spite  of  this  difference,  the 
laboratory  spark  can  be  used  to  study  the  striking  dis¬ 
tance,  which  is  an  essential  parameter  of  the  electro- 
geometrical  model  of  impact  provided  that  care  is  taken 
of  the  aforementioned  scale  effect. 
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5  -  INTERACTION  OF  A  DISCHARGE  WITH  A  FREE  POTENTIAL 
ELECTRODE 


One  of  the  major  problem  posed  by  lightning  is  its  in¬ 
teraction  with  aircrafts.  Consequently,  it  is  interes¬ 
ting  to  examine  what  can  be  simulated  in  a  laboratory. 


From  a  physical  point  of  view,  it  is  interesting  to 
note  that  the  mechv.ism  of  interaction  is  very  much 
dependent  on  the  si  :e  of  the  free  potential  electro¬ 
de.  An  example  is  presented  by  Figure  7  which  corres¬ 
ponds  to  a  1.68  m  rod  plane  gap  where  a  sphere  (8  cm 
in  diameter)  is  suspended  in  the  gap  axis  with  nylon 
ropes  /13/.  The  shape  of  the  sphere  is  modified  with 
one  or  two  nails  sticked  on  the  sphere.  Let  us  define 
a  cathodic  nail  as  a  nail  sticked  on  the  sphere  side 
which  faces  the  anode  of  the  main  gap.  This  nail  acts 
as  a  cathode.  A  similar  definition  holds  for  the  ano¬ 
dic  nail. 


sphere  <t  Ben 
nail '  17mm 


t 


* 


♦ 


to  the  fact  that  an  upward  positive  discharge  is  able 
to  elongate  from  the  sphere  toward  the  cathode.  In  both 
cases,  an  anodic  nail  increases  the  percentage  of  dis¬ 
charges  which  pass  through  the  isolated  object  :  the. 
breakdown  voltage  is  lowered  or  not,  depending  on  the 
polarity.  A  cathodic  nail  does  not  change  anything. 


"7777777/. 
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Figure  8  :  I.C.  streak  cameragram  of  the  positive  dis¬ 
charge,  when  a  free  potential  object  equip¬ 
ped  withan  anodic  nail  is  placed  in  the  gap. 

For  aerospace  applications,  it  is  clear  that  the  shape 
of  the  objects  has  not  to  be  discussed.  Generally 
speaking,  the  object  must  be  considered  as  including 
protrusions.  In  such  a  case,  the  interaction  between 
the  discharge  and  the  objects  can  be  analyzed  as  shown 
by  Figures  8  and  9  according  to  the  polarity. 

In  both  cases,  it  can  be  seen  that  the  object  begins 
to  be  the  origin  of  a  positive  discharge  (elongating 
downward  if  the  main  discharge  is  positive  (Fig.  8) 
and  upward  for  a  negative  discharge  (Fig. 9))  as  soon 
as  it  is  stricken  by  the  streamers  associated  to  the 
main  discharge.  This  positive  discharge  is  accompanied 
by  a  rather  continuous  corona  in  case  of  positive  po¬ 
larity  and  by  a  succession  of  bursts  in  case  of  nega¬ 
tive  polarity.  When  the  object  is  connected  tothemain 
leader,  a  large  corona  is  observed.  The  associated 
current  pulse  is  steeper  and  higher  in  the  case  of  ne¬ 
gative  polarity.  Then,  the  discharge  continues  to  pro¬ 
pagate,  as  before  it  interacts  with  the  object,  till 
it  meets  either  the  ground  for  a  positive  discharge  or 
a  positive  upward  leader  for  a  negative  one.  At  that 
time,  and  as  it  would  be  the  case  without  any  object, 
the  return  stroke  is  triggered. 


Figure  7  :  Influence  of  a  free  potential  object  placed 
in  a  1.68  m  rod  plane  gao. 

In  positive  polarity,  the  presence  of  the  sphere,  with 
or  without  nail,  does  not  change  the  breakdown  voltage 
of  the  gap.  However,  it  is  clear  that  if  an  anodic  nail 
is  added  on  the  sphere,  nearly  all  the  discharges  pass 
through  the  sphere  (Fig.  7b).  On  the  contrary,  a  catho¬ 
dic  nail  does  not  have  any  influence  on  the  discharge 
path  (Fig.  7c).  This  phenomenon  has  been  ascribed  / 1 3 , 
14/  to  the  fact  that  without  anodic  nail,  the  free  po¬ 
tential  object  is  not  able  tc  eliminate  (or  neutralize) 
the  positive  charges  that  it  collects  (Fig.  7a). 

In  negative  polarity,  the  breakdown  voltage  and  the  per¬ 
centage  of  discharges  which  pass  through  the  object  are 
not  modified  (Fig.  7f)  by  a  cathodic  nail.  However,  if 
an  anodic  nail  is  sticked  on  the  sphere,  all  the  dis¬ 
charges  pass  through  the  sphere  (Fig.  7g)  and  the  break¬ 
down  voltage  is  lowered  by  more  than  30  %.  This  is  due 
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Figure  9  :  I.C.  streak  cameragram  of  the  negative  dis¬ 
charge  when  a  free  potential  object  equip¬ 
ped  with  an  anodic  nail  is  placed  in  the  gap. 
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As  far  as  the  object  is  concerned,  the  main  conclusion 
is  that  large  dl/dt  are  expected  before  the  occurence 
of  the  return  stroke,  specially  in  the  case  of  the  ne¬ 
gative  discharge  which  is  the  most  common  type  of  na¬ 
tural  lightning  discharge. 

Docs  this  description  represent  satisfactorily  what 
happens  when  an  aircraft  is  stricken  by  lightning  ? 
Strictly  speaking,  probably  not.  It  has  been  previous¬ 
ly  mentioned  that  due  to  the  fact  that  the  available 
space  in  a  laboratory  is  limited,  the  main  discharge 
can  not  grow  enough  to  create,  at  a  distance,  an  elec¬ 
tric  field  sufficient  for  initiating  a  discharge  with¬ 
out  a  direct  interaction  between  discharge  and  object. 
This  is  probably  possible  in  case  of  natural  lightning, 
as  already  explained  for  the  final  stage  of  lightning. 
Consequently,  it  can  be  anticipated  that  in  the  case 
Of  the  aircraft-lightning  interaction,  the  aircraft 
will  be  the  origin  of  discharges  and  the  seat  of  cur¬ 
rents  even  before  the  instant  at  which  it  is  stricken 
by  the  streamers  associated  to  the  lightning  channel 
elongation. 

6  -  CONCLUSION 

The  laboratory  spark  presents  a  lot  of  similarities 
with  lightning. 

.  From  a  physical  point  of  view,  it  is  quite  sure 
that  the  basic  processes  are  identical.  However,  some 
orders  of  magnitude,  especially  for  current  and  leader 
velocity,  differ  significantly.  This  is  ascribed  to  the 
space  limitation  of  a  laboratory.  The  discharges  have 
not  enough  time  (or  space)  to  develop  as  strongly  as 
for  natural  lightning.  Nevertheless,  the  laboratory 
discharge  can  be  used  to  study  the  physics  of  the  light¬ 
ning  channel  in  better  conditions  than  in  nature. 

.  As  a  consequence  of  these  similarities,  the  study 
of  the  RF  signals  radiated  by  a  spark  could  improve  the 
understanding  of  the  causes  of  the  RF  signals  emitted 
by  lightning. 

.  Taking  into  account  the  scale  effect,  the  striking 
of  earthed  structures  is  satisfactorily  reproduced  by 
laboratory  tests. 

.  As  far  as  the  interaction  of  lightning  with  air¬ 
crafts  is  concerned,  no  direct  comparison  Is  available. 
However,  the  laboratory  spark  seems  to  be  a  good  tool 
for  a  better  understanding  of  these  phenomena. 

Generally  speaking,  if  the  laboratory  facilities  do  not 
allow  to  solve  all  the  questions  raised  by  lightning, 
there  is  no  doubt  that  it  could  help  the  comprehen¬ 
sion  the  basic  phenomena  and  the  research  of  practical 
solutions. 
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HIGH  CURRENT  SURFACE  DISCHARGE  PROPAGATION  ANALYSIS  -  APPLICATION  TO  THE  LIGHTNING  LEADER 
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Abstract  -  The  fast  propagation  (v  *  106  ms’1 II)  of  a  Ionized  and  thermallzed  channel  (n  s  1018  cm3, 
T  *  2.8xl04  K)  Is  studied  In  virgin  air  at  atmospheric  pressure,  using  a  device  comprising  a  gilding  dis¬ 
charge  produced  at  the  upper  surface  of  a  dielectric  slab  electrically  charged  by  corona  effect.  For  a 
corona  voltage  of  about  100  kV,  and  without  any  pre-lonlzatlon  of  the  gas,  the  gliding  spark  travels  over 
one  meter  along  a  predetermined  straight  line.  This  allows  to  Investigate  experimentally  the  discharge 
with  a  full  set  of  diagnostics,  including  measurements  of  the  current  and  of  the  propagation  speed,  re¬ 
cording  of  the  light  emlssio'  (electronic  Image  converter,  spectroscopy,  Lichtenberg  figures),  optical 
study  of  the  width  of  the  arc  channel  by  interferometric  holography,  and  detection  of  transient  electric 
fields  by  capacitive  probes.  The  various  measurements  are  synchronized  from  optical  fiber  devices  located 
close  to  the  spark. 

The  study  concerns  mainly  the  negative  spark,  and  shows  that  the  thermallzed  arc  channel  is  produced  by 
the  following  three  stages: 

1)  a  preliminary  discharge  stage,  similar  to  a  positive  glow,  where  the  electronic  temperature  -  about 
2  eV  -  Is  much  greater  than  the  gas  temperature,  which  Increases  continuously  from  300  to  1300  K; 

2)  a  transient  arc  stage,  with  a  constant  duration  of  about  10  ns,  where  the  major  part  of  the  energy  of 
the  electric  field  Is  transformed  into  ionization  energy  of  the  gas;  the  spark  velocity  is  directly 
proportional  to  the  voltage  drop  along  this  zone; 

3)  a  heating  stage,  with  a  duration  Included  between  23  and  60  ns,  where  the  electric  field  has  been 
largely  reduced,  and  where  the  ionization  energy  Is  partially  restituted  in  form  of  heat  to  the  neu¬ 
trals. 


I  -  INTRODUCTION 

From  the  eighteenth  century,  physicists  have  ques¬ 
tioned  the  similarities  between  lightning  and  sparks 
propagating  along  the  surface  of  an  Insulating  ma¬ 
terial  [1-3]  .  This  Is  why  ONERA  has  pursued,  since 
1978,  an  investigation  of  the  mechanisms  related  to 
the  propagation  of  gilding  discharges,  with  the 
help,  in  spectroscopy,  of  the  Laboratolre  de  Physi¬ 
que  des  Dicharges  of  CNRS. 

The  scope  of  this  paper  is  to  present  the  main  re¬ 
sults  obtained,  with  emphasis  both  on  the  prevailing 
role  of  the  region  of  the  discharge  where  the  Ion¬ 
ized  medium  transits  from  glow  to  arc,  and  on  the 
similarities  of  such  a  discharge  with  the  lightning 
stroke. 

II  "  EXPERIMENTAL  ARRANGEMENT 

The  possibility  of  producing  a  spark  having,  without 
any  pre-lonltatlon,  I  well  determined  path  Is  a 
major  advance  of  the  type  of  experimental  arrange¬ 
ment  selected.  A  number  of  optical  or  electrical 
sensors  can  be  placed  along  this  path  with  full 
probability  of  having  the  spark  channel  into  their 
field  of  view.  The  experimental  arrangement  has  been 
described  In  details  In  former  publications  [4-9]. 
The  principle  of  the  experiment  Is  simuurlzed 
shortly  as  follows  (fig.  l)s  corona  discharges,  pro¬ 
duced  at  the  points  of  a  metallic  comb  (1)  connected 
to  a  high  voltage  power  supply  adjustable  from  0  to 
+  180  kV,  spread  unipolar  Ions  over  the  surface  of  a 
plexiglass  slab  (2)  and  over  the  floating  electrode 
(3)  traversing  this  slab.  The  potential  of  the 
charged  surface  and  of  the  electrode  reaches  a 
steady  value  VQ  -  Vch  -  VJC,  where  Vtc  is  the 
threshold  of  the  corona  produced  on  the  teeth  of  the 
metallic  comb. 


Fig.  1  -  Experimental  arrangement 

1  -  M'talllc  comb  connected  to  the  high 

voltage  Vch. 

2  -  Dielectric  slab 

3  -  Floating  electrode 

4  -  Grounded  metallic  strip 
$  -  Triggered  spark  gap. 

6  -  Current  sensor 

7  -  Fiber  optics  pulser 

8  -  Electronic  Image  converter 

9  -  Photographic  film 

10  -  Capacitive  probe 

11  -  Spectroscope 

12  -  Q  switched  TAG  laser 

13  -  Holographic  bench. 
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In  contact  with  the  back  of  the  dielectric  slab,  a 
grounded  metallic  strip  1050  mm  long  and  15  mm  wide 
(4)  parallel  to  the  comb,  is  used  for  guiding  the 
discharge. 

This  discharge  is  triggered  when  the  floating  elec¬ 
trode  (3)  is  suddenly  connected  to  ground  by  a  con¬ 
trolled  spark  gap  (5).  At  this  precise  time  the 
electric  field  close  to  the  electrode  is  much  higher 
than  the  breakdown  field  in  air;  the  resulting  ion¬ 
ization  generates  around  the  electrode  a  conducting 
medium  which  pushes  further  the  elp  '•ic  field  and 
the  related  ionization  zone,  etc.  this  way,  a 
spark  channel  is  formed  and  the  discharge  propagates 
in  air,  over  all  the  length  of  the  strip  guide,  in 
close  contact  with  the  charged  face  of  the  dielec¬ 
tric  slab. 

This  configuration  has  permitted  to  place,  in  close 
proximity  of  the  channel,  the  following  diagnos¬ 
tics; 

-  the  current  I(t)  of  the  spark  is  measure,  with  a 
Rogowski  loop  (6),  located  around  the  spark  gap 
return  wire; 

-  an  optical  fiber  (7),  with  one  end  located  adjac¬ 
ent  to  the  spark  path,  at  a  distance  X  from  the 
electrode,  is  used  to  generate,  through  an 
electro-optic  converter,  a  pulse  when  the  spark 
reaches  the  length  X;  this  pulse  is  used  to  cali¬ 
brate  I  as  a  function  of  X  [5]; 

-  using  two  Identical  fihers  located  at  X  +  A  X,  the 
local  propagation  velocity  v(X)  *  A  X/A  t  can  be 
inferred  from  the  difference  At  of  the  arrival 
time  of  the  spark  at  the  two  fibers  ends; 

-  the  light  emitted  by  the  spark  is  recorded  by  a 
IMACON  790  electronic  image  converter  (exposure 
time  10  ns)  (8); 

-  the  luminous  track  of  the  spark  are  photographed 
with  high  space  resolution  by  placing  a  film  on 
the  face  of  the  dielectric  slab  in  such  a  way  that 
the  spark  is  in  direct  contact  with  the  sensitive 
emulsion  (photographic  Lichtenberg  figures); 

-  a  capacitive  probe  (10)  is  located  inside  a  0.5  mm 
wide  slit  cut  In  the  strip  guide  perpendicularly  to 
the  discharge  path;  it  is  sensitive  to  the  fast 
variations  of  electrical  potential  Induced  by  the 
advancing  tip  of  the  spark; 

-  spectroscopic  analysis  of  the  spark  plasma  is  ob¬ 
tained  by  focusing  on  a  monochromator  the  light 
emitted  through  a  virtual  slit  located  ut  a  fixed 
distance  from  the  electrode;  this  is  equivalent  to 
analyse  the  spark  plasma,  going  backward  from  the 
head  at  a  velocity  v; 

-  illuminating  the  spark  channel  with  a  pulse  of 
coherent  light  of  duration  15  ns,  produced  by  the 
YAG  laser  (12),  through  the  holography  bench  (13) 
the  cross-section  of  the  channel  can  be  measured 
at  different  times  A  t  after  the  passage  of  the 
head.  The  fiber  optics  device  (7)  permits  to  sel¬ 
ect  At  by  triggering  the  laser  pulSv  when  the 
spark  head  reaches  a  given  distance  X. 


Ill  -  STRUCTURE  OF  THE  DISCHARGES 

The  photographic  patterns  (Fig.  2)  show,  for 

V  <  V  ,  a  luminous  track  surrounding  the  electrode 
(polar  pre-discharge),  radially  divided  by  dark 
lines;  its  radius  Is  proportional  to  the  voltage  Vq 
and  Independent  from  the  slab  thickness.  For 

V  i  V  ,  bright  spark  channels  (2)  branch  out  from 
tfie  electrode,  topped  by  gliding  pre-discharges  (3) 
characterized  by  a  track  differing  to  the  case  of 
the  polar  pre-discharge  by  the  ear  shaped  configur¬ 
ation  of  the  dark  lines. 


Fig.  2  -  Photographic  electric  figure  of  a  gliding 
spark  of  negative  polarity 

1  -  Polar  pre-discharge 

2  -  Spark  channel 

3  -  Gliding  pre-discharge 


The  following  laws,  expressed  by  H.  Tdepler,  de¬ 
scribe  the  behaviour  of  these  discharges  [11-12] . 


Negative  spark:  r(cm)  *  »o(kw)/H.5  <« 

Positive  spark:  r(cm)  .  «o(kv)/5.5  (2) 

The  threshold  voltage  V5 ,  quite  Independent  from  the 
spark  polarity,  is  a  function  of  the  surface  capaci¬ 
tance  of  the  dielectric;  for  plexiglass  (relative 
permittivity  Er  a  3) : 


Us(kV/)  =  69(e(cm)> 


(3) 


where  e  is  the  thickness  of  the  dielectric  slab. 
Recorded  with  the  Image  converter  (exposure  time  10 
ns),  at  the  advancing  tip  of  the  spark,  a  shimmering 
gliding  pre-discharge  can  be  observed  (Fig.  3).  For 
negative  sparks,  it  will  be  shown  that  the  head  of 
the  spark,  located  before  the  channel,  is  actually 
constituted  by  two  different  parts;  the  first  is  the 
properly  so  called  pre-discharge;  the  second,  in¬ 
serted  between  the  pre-discharge  and  the  spark  chan¬ 
nel  is  comparable  to  the  transient  arc  phase  of  the 
breakdown  of  a  short  monodlmenslonal  gap  [13-14]. 


Fig.  3  -  Electronic  Image  converter  snapshot  (ex¬ 
posure  time:  10  ns)  of  the  advancing  head 
of  a  gliding  spark. 


Let  us  note  that,  according  [5],  the  voltage  drop 
Vlt  along  the  spark  channel  can  be  evaluated  In  all 
conflguntlons  by  the  mean  of  a  simple  electrical 
model  and  by  measuring  the  currents  I(X).  This 
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method  is  verified  by  comparing  the  experimental 
results  with  the  numerical  prediction  of  I(t)  as  a 
function  of  Va  (Fig.  4).  The  instantaneous  propa¬ 
gation  velocity  of  the  spark  as  a  function  of 
V0  ”  (voltage  drop  available  in  front  of  the 
channel)  and  of  the  slab  thickness  e  is  plotted  in 
Fig.  5. 


Fig.  4  -  Numerical  simulation  of  the  negative  glid¬ 
ing  spark  current.  Comparison  with  the 
direct  recording. 

Dielectric  slab  thickness:  2  mm 
Charging  voltage  :  100,  110,  120,  130  kV. 
(The  simulation  does  not  take  into  account 
the  phenomena  occuring  after  the  arrival  of 
the  spark  at  the  end  of  the  metallic 
strip). 

k 


V$<  1  mm)  | 

V}  I  4  mml 

Fig.  5  -  Propagation  velocity  of  the  negative  glid¬ 
ing  spark  aa  a  function  of  the  voltage 
V0  -  VU  and  of  the  dielectric  alab  thick¬ 
ness  e. 


The  Important  results  shown  in  this  figure  are: 

a)  the  linearity  and  the  parallelism  of  the  curves 
vOfc  -  VU); 

b)  the  identity  of  the  threshold  voltages  ^  (e)  de¬ 
fined  by  (3)  with  the  abscissae  of  the  polnta  of 
intersection  of  the  lines  v(V0  -  Vlt)  with  the  V 
axis;  this  shows  that,  no  matter  the  voltagv  V.  , 
the  information  concerning  Vs  is  included  in  the 
behaviour  of  the  negative  spark. 


The  relationship  between  velocity  and  voltage  can 
therefore  be  written: 


v  *  («0  -  Vs(e)  -  VU(X,I)) 
with  a  =  35  m  VM  s'1. 


(4) 


The  photographic  electric  patterns  show,  on  the 
other  hand,  that  the  geometrical  width  of  the  glid¬ 
ing  pre-discharges  is  independent  from  the  voltage 
V  ,  but  noticeably  increases  with  e.  It  can  be  con¬ 
cluded,  by  sifting  the  above  mentioned  experimental 
facts,  and  by  assuming  that  the  relation  (1)  holds 
for  both  the  polar  and  gliding  pre-discharges,  that 
the  voltage  drop  in  the  gliding  pre-discharge  is 
always  equal  to  Vs(e). 

The  electric  patterns  obtained  on  thin  sheets 
(e  :  100  ym)  reveal  that  extra  radial  discharges 
show  up  along  the  channel  for  the  highest  values  of 
VQ  (Fig.  6a  and  6b).  The  enlargment  presented  Fig. 
6c  shows  that  these  extra  tracks  do  not  disturb  the 
arrangement  of  the  symmetrical  network  of  ears  due 
to  the  gliding  pre-discharge,  and,  consequently, 
that  they  appear  after  the  passage  of  this  pre- 
discharge.  They  have  therefore  been  generated- when 
v0  >  V5- by  a  voltage  drop  attached  to  a  zone  located 
behind  the  gliding  pre-discharge;  this  zone  can  be 
located  between  the  pre-discharge  and  the  tip  of  the 
conducting  spark  channel,  and  it  can  be  character¬ 
ized  by  other  dlagnoatlc  means. 


Fig.  6a  -  Photographic  electric  figure  of  an  un- 
gulded  negative  gliding  spark,  over  a  thin 
dielectric  sheet  (e  *  100  um)  and  with  a 

low  charging  voltage  (V  -  15  kV). 

cn 


Fig.  6b  -  nongraphic  elec¬ 
tric  figure  o t  an 
tnguided  negative 
gliding  spark,  over 
a  thin  dielectric 
sheet  (e-  100  u«), 
V eh"  30  kV. 
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Fig.  6c  -  Details  of  Fig.  6b. 

IV  -  OUTLINE  OF  THE  EXPERIMENTAL  RESULTS 

Fig.  7  displays  a  typical  recording  of  the  current 
at  the  onset  of  a  negative  spark.  If  it  is  assumed 
that  the  transient  arc  region  controls  the  gliding 
spark  propagation,  it  can  be  inferred  that  the  rise 
time  of  the  current  shown  in  Fig.  7  corresponds  to 
the  formation  time  of  this  region.  This  time,  of  the 
order  of  10  na,  la  Independent  from  V0  and  e. 


Fig.  7  -  Recording  of  the  currant  rlae  at  the  onset 
of  a  negative  gliding  spark  Veh  -  120 
kV,  e  ■  2  mm. 

When  the  head  of  the  discharge  passes  over  the  ca¬ 
pacitive  probe  Inserted  in  the  strip  guide,  the  sig¬ 
nal  recorded,  due  to  the  decrease  of  the  local  volt¬ 
age  of  the  spark,  has  also  a  duration  of  approxi¬ 
mately  10  ns  (Fig.  8).  This  time  Is  tharefors 
characteristic  of  the  translant  arc  region;  It  Is 
broadly  the  same  as  the  duration  of  the  transition 
in  voltage  drop  associated  with  tha  breakdown  of  a 
spark  gap  in  ambient  air,  as  measured  by  Andraav  and 
Vanyukov  (IS). 


Fig.  8b  -  Probe  signal. 


It  can  be  deduced  from  (4)  that  the  average  longi¬ 
tudinal  electric  field  in  the  transient  arc  region 
is  about  26  kV  cm*1,  of  the  order  of  the  breakdown 
field  in  air  at  normal  temperature  and  pressure. 

The  voltage  along  the  direction  of  propagation  of 
the  discharge  is  plotted  schematically  in  Fig.  9, 
where  the  main  experimental  data  have  also  been 
specified. 

If  AB,  BC,  CD  and  DE  are  respectively  the  pre¬ 
breakdown,  transient  arc,  thermallzatlon  and  ther- 
malized  arc  regions,  the  main  characteristics  of 
these  zones  are  as  follows: 


Fig.  9  -  Voltage  distribution  and  value  of  the  main 
parameters  along  the  various  zones  of  a 
typical  negative  spark  in  the  moving  refer¬ 
ence  frame. 


AB  (Pre-discharge): 

T„  s  2  eV, 

Ta  increasing  from  ambient  to  1500  K, 

Lenght  of  AB  Independent  of  V0. 

BC  (transient  arc): 

The  spectroscopic  investigation  shows  that  the  ratio 
N*/N  displays  a  peak  in  this  zone,  which  reveals  the 
beginning  of  a  dissociation  of  the  gas  and  s  strong 
ionization  |7). 

Its  duration  Tgc  s  10  ns  is  invariant.  The  velocity 
of  propagation  of  the  discharge  is  proportional  to 
the  voltage  drop  between  B  and  C  (see  relation  4). 

CD  (thaimslization): 

This  region  is  characterized  by  the  large  increase 
of  the  contlnui*  background  radiated  by  the  dis¬ 
charge  in  tha  visible  ranga. 

Tha  corresponding  time  T  is  comprised  between  25 
and  60  ns.  t 

Tha  radius  k0  of  tha  channel  is  100  urn  for  v  ■  2.10 

ms'^nd  a  ■  2  mm. 


Fig.  8a-  Experimental  device 
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DE  (thermallzed  channel): 

The  desorption  of  hydrogen  from  the  plexiglass  per¬ 
mits  the  measurement  in  this  region  of  the  elec¬ 
tronic  density  by  using  the  Stark  effect. 

The  density  ne  varies  from  7 . 101 7  to  2.1016  cm  3 
during  800  ns.  In  the  same  time,  Te  is  approxi¬ 
mately  equal  to  T0  and  decreases  from  28000  to  16000 
K  [7-8]. 

It  should  be  pointed  out  that  the  transition  time 
is  smaller  than  the  thermalizatlon  time  icq. 

V  -  MODELLING 


AB 


T  h 

sill 


li 


o.i  e  e 

0  I 


(9) 


As  V5  =  VRB  ,  the  expression  (9)  is  identical  tc  the 
experimental  law  (3)  if  the  thickness  h  is  assumed 
to  be  constant  and  of  the  order  of  1  m. 

In  these  conditions,  one  can  also  evaluate,  as  a 
function  of  the  mobility  Ue  the  electrons  in  air, 
[17]  the  electronic  density  averaged  over  the  sec¬ 
tion  h  dy  at  point  B;  from  (6),  by  writing 


a)  Pre-discharge  region  AB. 

When  the  pre-discharge  is  passing,  let  dW(t)  be  the 
energy  spept  by  Joule  heating  in  the  volume  element 
h  dx  dy  attached  to  the  insulating  surface  (labora¬ 
tory  frame  of  reference);  h  is  the  thickness  of  the 
ionized  gas  and  dx  dy  an  elementary  area  of  the 
charged  surface  (fig.  10).  E^gj  is  the  longitudi¬ 
nal  field  assumed  to  be  constant. 

d«(M  ■  Ex(fle)  dx  j  J(t)dt  (5) 

where  J(t)  Is  the  contribution,  at  the  time  t  after 
the  arrival  of  A  over  the  volume  element  h  dx  dy,  of 
all  the  current  elements  dJ  generated  by  the  dis¬ 
charge  of  the  elementary  capacitances  l /e  E0Er  dx  dy 
located  above  this  volume  element.  We  have: 


dJ  .  -  E  E  .dx  dy.37  3V  „  r 

e  °  r  3t  3t  ‘  V-Ex( AB) 

x*  vt 

J(t)  - 

dJ  -  -C  C  v2E  / -o  »  Oy . t 

0  e  0  r  x( AB) 

(6) 

*  k  <Ex(AB)'"t)J  dX  d> 

(7) 

and,  when  the  zone  AB  has  entirely  passed  across  the 
volume  element  h  dx  dy: 


did 


(AB) 


1  * 

2e  EoErVAB 


dx 


dy 


(8) 


We  will  assume,  with  1.  Galllmbertl  [16],  that  at 
the  end  of  the  pre-discharge  region  (point  B),  the 
sudden  change  of  the  properties  of  the  ionized  me¬ 
dium  is  due  to  the  thermal  detachment  of  the  elec¬ 
trons  from  the  negative  molecular  ion  Oj  . 


Fig.  10  -  Modelling  of  the  gliding  pre-discharge 
zone  (AB). 


In  reference  (16),  one  can  also  find  the  relative 
value  of  the  transfer  rate  of  electronic  energy  to 
the  gas  translational  and  rotational  energy  via 
electronic  excitation  by  the  effect  of  the  super¬ 
elastic  quenching  collisions;  for  the  field  E,(tg) 
of  our  experiment,  this  value  Is  20X;  the  rest  of 
the  energy  Is  stored  In  the  vibrational  levels  of 
N  .  With  Cv,  specific  heat  of  air  at  constant  vol¬ 
ume,  equal  to  928  JK"  ,  the  energetic  balance  of  AB 
gives,  as  a  function  of  h  and  of  the  translation  and 
rotation  temperature  T  0  ( g  •  1500  K,  the  value  of 
the  voltage  drop  v*e  1 


Vet 


one  gets: 


AB 


£  £ 
o  r 


AB 

V 


UAB/EkAB 


AB 


eB 


E  „_h  e  U 
x AB  -  e 


(10) 


where  e_  is  the  electronic  charge. 

The  density  varies  therefore  as  v  and  e’^;  for  e  «  2 
mm  and  v  •  2. 10 6  ms-1  ,  one  gets:  n  ^  s  10  1 7  cm"^ . 

The  major  problem  of  this  model  is  to  Imply  an  in¬ 
crease  of  n  In  AB,  which  is  not  consistent  with  the 
value  of  E  .  .  given  by  (1).  One  possibility  is 

that  the  Increase  of  the  ionization  in  this  zone  is 
due  to  the  presence  of  local  transverse  fields;  the 
presence  of  these  fields  Is  revealed  by  the  lnhom- 
ogeneity  of  the  light  emission  pattern  in  the  pre- 
discharge  region. 


b)  Transient  arc  BC. 


The  formula  (10)  shows  that  the  electronic  density 
at  the  beginning  of  BC  Is  high  enough  for  making  the 
de-excitation  of  the  gas  dependent  quite  exclusively 
from  the  electronic  fluid.  In  these  condition,  In 
BC,  the  electronic  energy  stays  quite  totally  un¬ 
changed  and  the  power  acquired  from  the  electric 
f.eld  Is  essentially  used  to  Increase  the  ionization 
[16).  The  local  balance  of  power  In  the  BC  plasma 
can  therefore  be  written  with  a  formalism  close  to 
the  one  used  by  Rompe  and  Welsel  [191: 


n  e 

e 


x  E  dt 
dc  xBC 


dn  (e  4>. 
e  -  i 


(11) 


If  it  is  assumed  that  'he  drift  velocity  of  the 
electrons  vrfe  Is  partlcally  Invariant  in  ?C,  and 
that  the  thermal  energy  per  electron  3/2  KTe  is 
smaller  than  the  Ionization  energy  e.  Oj  (5  15  eV 
in  air),  Integration  of  (11)  along  BC  gives,  with 
dt  ■  dx/v, 


xBC 


,  dx 


v/v 


e  *1 


.  eC 
)'Ln  — 
eB 


(12) 


If  the  preceeding  assumptions  hold,  the  relationship 
(12)  is  similar  to  the  experimental  law  (A)  (where 
VBC  ■  v0  ”  vs  “  Vlt )  with  a  weak  dependence  on  the 
boundary  conditions  neC  and  ne0 . 

Converaely,  if  we  assiae  Te  ;  2  eV  and  />Vb  :  102 
(see  §  VI)  the  measurement  of  thi  slope  a  “  v/VBC 
glves  the  electronic  drift  velocity  vde,  that  Is  to 
say  mxaerlcally: 

I  .  2.9x1 0*»s' *  5  c  ,  •  { K T  /«,)’ 
da  si  e  i 

*  2.6*’°V‘«  Ue  EkB(.  -  1.2.10s  -a’* 

(H  :  ion  mass;  csi  :  Ionic  sound  velocity). 


The  orders  of  magnitude  above  suggest  that  an  anom¬ 
alous  resistivity  phenomenon,  due  to  the  development 
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of  an  acoustic  ion  wave  instability,  reduces  the 
drift  velocity  of  the  electrons  inside  the  transient 
arc  region.  The  region  BC  meets  indeed  the  con¬ 
ditions  for  the  development  of  this  type  of  insta¬ 
bility: 

T  >  T  and  V  >  V 
e  o  pe  eo 


where  v  is  the  electron  plasma  frequency  v 

P _  \  ?  ..« _ _  J  -  I _ -  1  _ _ _ _  PA 


1  / 2tt (n  e2/GQ  where 

veo  Z  ^ • 1012  s’  1  is  the 
frequency.  Acoustic  ion  waves,  with  a  characteristic 
frequency  of  the  order  of  the  ionic  plasma  frequency 
vpi  “  Vpe(me/Mi)i  -  10  GHz  have  actually  been 
experimentally  detected  during  the  passage  of  BC 
over  the  sensing  electrode  of  the  capacitive  probe 
connected  to  a  microwave  detection  bench  [6]. 


m  is  the  electron  mass,  and 
e 

electron-neutral  collision 


c)  The  heating  region  CD 


The  above-mentioned  model  implies  that  the  electric 
field  energy  is  essentially  transformed  into  ion¬ 
ization  energy  after  the  passage  of  the  transient 
arc  region  BC.  The  subsequent  gas  heating  taking 
place  in  a  region  of  weak  field  (Ecan  j  i  4.102  V 
cm"1)  [5],  the  electronic  dcnsity3n|rop  in  CD 
provides,  via  the  three  body  recomhination: 

e_+  e_+  M  -►  e.+  M, 

the  energy  required  for  heating  the  gas;  the  energy 
transfer  proceeds  through  electron-neutral, 
electron-ion  and  ion-neutral  elastic  collisions.  The 
numerical  model  presented  below  permits  the 
simulation  of  the  evolution  of  the  parameters  ne , 
Te>  To  ln  the  laboratory  frame  of  reference  after 
the  passage  of  the  head  of  the  negative  spark. 


VI  -  FV0LUT10N  OF  THE  PLASMA  AFTER  THE  PASSAGE  OF 
THE  HEAD  OF  THE  SPARK. 


The  coupled  hydrodynamic  equations  of  the  plasma  in 
fast  evolution,  used  by  Tholl  to  study  the  heating 
of  a  transient  hydrogen  plasma  [20),  have  been  ap¬ 
plied  here  to  the  above-mentioned  models.  The  re¬ 
lationships  written  as  follows  express  the  evolution 
of  the  electronic  density  (13),  of  the  electronic 
temperature  (14)  and  of  the  gas  temperature  (15): 


dn 
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(5T  2m 
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bo  e  e. 

M  .  - .  —  > - (\j 

o  ?  dt  n  N  v  eo 
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V.)  ;<T 
ei  2  e 


T  ) 
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(14) 

(15) 


with  t 

air  density: 


and  T  e. pressed  in  eV 


2. 7*1  01  9  cm  1  , 


21 


ionization  frequency: 

v  1-5xl0“  T!  (’  •  rf}  e*p  X 

three  body  recombination  frequency  (21j: 


=  8.75*10 


->/z 


LnA, 


electron-ion  collision  frequency; 

V  *  1  .5*10'*  n  l’j/z 
ei  e  e 

where  LnA  express  the  Coulomb  interaction  cut-off 

beyond  the  Debye  radius. 

In  agreement  with  the  estimations  of  §V,  the  fol¬ 
lowing  conditions  are  obtained: 

n  „  .  lO^cm'1,  T  „  *  1.4  eV,  T  „  *  0.13  eV(1500  K) 

oo 


eB 


eB 

Ego  »  26  k V  cm 


deBC 


“VV*  .  csl. 


nn  =  1019  cm’3  (this  condition  comes  from  the  en¬ 
ergy  balance  of  the  spark  and  from  the  value  of  the 
channel  radius  obtained  by  the  holographic  measure¬ 
ments  [6-7)). 

Ecd  -  4.10  2  V  cm-1  ,  UdfiCD  -  Ec[).e  \ 


which  assumes  that  the  normal  transfer  coefficients 
apply  to  region  CD. 

The  computational  results,  marked  on  Fig.  11,  show 
the  fair  agreement  of  the  theoretical  predictions  of 
the  times  Tg^and  TcpWith  the  experimental  results 
(Fig.  9).  The  computed  electronic  density  neD,  is 
very  sensitive  to  the  initial  conditions;  it  is 
found  only  slightly  superior  to  the  value  measured 
by  spectroscopy.  Equations  (13)  to  (15)  account 
therefore  in  a  satisfactory  way  for  the  evolution  of 
the  discharge  plasma,  which  strengthen  the 
credibility  of  this  model  characterized  by  the  fact 
that  the  heating  phase  follows  a  fast  phase  of 
Intense  ionization. 


Fig.  11  -  Computation  of  the  temporal  evolution  of 
the  parameters  n  ,  T  ,  T  during  the  glid¬ 
ing  spark  passage. 


VII  -  CONCLUSION 

The  systematic  study  of  the  surface  spark  helps  to 
understand  the  physical  mechanisms  common  to  high 
current  precursors.  The  studied  discharges  and  the 
lightning  precursors  (stepped  and  dart  leaders)  are 
similar  as  far  as  the  values  of  the  transported  cur¬ 
rents,  of  the  propagation  velocities  and  of  the 
channel  temperatures  are  concerned  (see  for  example 
[23)). 

The  Invariance  of  the  time  t  10  ns  for  the  for¬ 
mation  of  the  transient  arc,  which  is  of  same  dur¬ 
ation  th,  t  the  electromagnetic  pulses  emitted  by  the 
lightni  ;  precursors  (24),  suggests  that  the  two 
phenomena  're  connected,  the  lightning  pulses  coming 
from  the  formation  of  transient  arcs  associated  with 
branching  or  discontinuities  in  the  pre-breaxdown 
and  leader  phases  of  lightning. 
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LIGHTNING  MAGNETIC  FIELD  CALCULATION  USING  FINITE  ELEMENT  METHOD 
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Abstract  -  The  ideal  solution  technique  of  magnetic  fields  from  lightning  should  be  characterised  by  a 
good  leader/return  stroke  model  and  a  versatile,  efficient  and  user  friendly  field  solution  method.  The 
finite  element  method  is  suitable  for  accurate  magnetic  field  solution  •,  it  also  permits  study  of  the 
effects  of  lightning  channel  tortuosity,  branches,  the  presence  of  a  scatterer  ;  magnetic  fields  very 
near  to  the  channel  could  be  determined,  whatever  the  radius  of  the  channel  and  wavelength  of  the  source 
signals.  In  this  paper,  the  solution  of  magnetic  fields  from  a  straight,  vertical  lightning  channel  using 
the  finite  element  method  is  described.  The  finite  element  mesh  may  be  generated  manually,  semi -automati¬ 
cally  or  automatically.  Minimum  effort  is  required  from  the  user  for  the  latter  two  modes  of  mesh  gene¬ 
ration.  Using  empirical  approximations  for  the  lightning  leader  and  return  strokes,  magnetic  fields  are 
computed.  Numerical  errors  are  discussed.  The  studies  presently  being  carried  out  are  briefly  described. 


INTRODUCTION 

The  work  reported  In  this  paper  ia  part  of  a 
program  to  study  the  physics  of  lightning  and  therby 
test  and  further  the  work  done  by  the  past  two 
generations  of  lightning  scientists  on  lightning 
Modeling,  and  then  compute  lightning  currents  and 
related  electromagnetic  fields  radiated  from  the 
channel.  This  work  nay  be  classified  into  six 
distinct  steps  as  shown  In  rigurel.  Return  stroke 
Modeling  Involved  the  investigation  of  the  streamer 
theory! 1]  and  shock  wave  theories! 2 ]  propounded  for 
leader  strokes,  the  transit! salon- line  model! 3]  and 
the  return  stroke  velocity  and  the  application  of 
Braglnskli's  theory  of  spark  discharge! 4]  to 
lightning  modeling.  While  gathering  the  experimental 
data  currently  available  on  lightning,  the 
possibility  of  calculating  lightning  current 
magnitudes  and  rate  of  rise  of  current  from  slectrlc 
field  amasureamnts!5]  has  been  considered.  However 
the  i  sew  (Hate  focus  of  this  paper  Is  on  steps  4  and 
5,  dealing  with  the  computation  of  radiated  magnetic 
fields. 

Rll  computations  presented  in  this  paper  make 
use  of  the  empirical  model  for  the  return  stroke i  the 
3km  channel  is  divided  into  23  sections.  The  earth  is 
assumed  to  be  a  perfect  conductor,  with  the  mirror 
imago  of  lightning  channel  replacing  the  earth.  The 
currents  in  the  mirror  Image  flow  in  the  same 
direction  as  the  source  current.  The  current  decays 
with  the  channel  height  and  travels  at  constant 
velocity. 

Of  the  two  finite  element  methods  available,  the 
differential  formulation  is  preferred  here  In  view  of 
our  desiring  a  solution  everyirtiere  over  a  large 
region  of  space j  for  integral  formulations  result  in 
full  sat  rices,  as  opposed  to  sparse  ones  with 
differential  methods.  Therefore  integral  methods  are 
suitable  only  *ten  a  problem  requires  a  solution  at  a 
few  limited  matter  of  field  points  and  prove 
unwelldly  tdten  several  nodes  are 
involved.  Puthermore,  an  integral  solution  aey  only 
be  formulated  for  c-.se  of  a  straight,  vertical 
conductor i  the  differential  formulation  ia  easily 
extended  for  more  complex  geometries  tdilch 
characterise  a  cloud  to  ground  lightning  flash. 


OUTLINE  OP  COMPUTER  PACKAGE 

We  intend  solving  for  magnetic  fields,  radiated 
by  the  leader  and  return  strokes,  by  Maxwell's 
equations  for  the  magnetic  flux  density  B  governed  by 

Curl  \a'E>  -  Z  *  5=  CO 


Where  ^  is  the  permeability.  J  is  the  current 
density,  t  is  time  and  D  is  the  electric  flux 
density.  Now  since 

bW  ft  =  O  ex') 

we  intoduce  the  vector  potential  A  so  as  to 
satisfy  (2) 

Curl  A  -  & 

Now  comparing  (4)  with  the  Maxwell  equation 

Curie'p-  co 

idiere  fc  is  permittivity,  we  obtain 

t>  =  -£  14.  -  t6ra<iV 

where  v  is  an  electric  potential. Putting  these 
into  (1),  we  get 

biv6r>dA-  Mo  oo 

where  is  the  lightning  current  inside  the 

channel  and  aero  outs  ids  the  channel.  This  is  the 
mediation  that  is  rcmmonly  solved  for  the  vector 
potential  from  which,  using  (3),  the  magnetic  flux 
density  is  obtained.  Por  the  cylindrical  model  of  the 
lightning  flash  with  axi-syamtry,  the  finite  element 
formulation  of  ( 6 )  is[S) 
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CCAtSVl  +  ^  _  z 

=  ^CTlJotAt+  Kfc 

-4UAOXCT3^"bw 

V-12kC  .  - 

+  C.T1A  OO 

Where  A  and  J  are  scalar  values  of  vector 
0 

potential  and  current  density  In  the  z  direction)  [T] 
is  a  Metric  tensor  and  [S]  is  the  Dirchlet  matrix. 

me  time  stepping  algorithm  above  may  be  started 
employing  the  fact  that  A  is  zero  at  t£  0.0.  strictly 
speaking  the  initial  conditions  depend  on  the  leader 
stroke  currents.  Leader  stroke  vector  potential  and 
magnetic  fields  are  also  calculated.  Expressions  of 
the  type  (7)  say  be  built  up  for  all  the  triangles 
making  up  the  region  of  solution  and  summed  to 
correspond  to  the  minimization  of  the  full  global 
funtional.  me  resulting  set  of  linear,  symmetric 
positive  definite  equations  may  then  be  solved  at 
each  time  step  by  the  preconditioned  conjugate 
gradient  method[7]  or  frontal  solvers[8]. 


due  to  charging  of  an  RC  circuit  triggered  by  a 
constant  voltage  source,  is  given  by  the  following 
empirical  model) 

ia>  =  loexpC-t2/* 

where  z  is  the  height,  ^  -  1500m  and  c  - 

3xlo’5s_1.  Computed  magnetic  fields  ,for  IQ  -  0.5RA, 

are  given  in  Figure3.  me  fields  are  plotted  from  the 
instant  at  Which  they  arrive  at  the  respective 
points)  the  travel  times  are  not  shown. 

mis  paper  does  not  address  itself  to  the  task 
of  return  stroke  modeling.  Two  widely  used  empirical 
models  were  tried  out)  namely,  the  Bruce-Golde  type 
model  (  Mode 11  )[10] 

ret)  -  ioL«xK-°<fc')  -exp(.-*fcu 

*  r,  O?  C-  Stt  ^  00 

with  velocity 

vet)  ■  Vo  Ckp  L-  is  b')  0^ 


Any  numerical  method  will  necessarily  involve 
the  division  of  lightning  channel  into  finite  number 
of  sections.  Since  no  experimental  data  to  date  give 
the  rate  of  decay  of  current  along  a  lightning  or 
spark  Channel,  it  la  difficult  to  dogmatically  set  a 
maximum  on  the  length  of  each  section,  tn  order  to 
have  some  indication  of  the  decay  of  current  as  it 
travels  up  the  lightning  channel,  consider  a  current 
wave  as  it  travels  along  a  transmission-line. 
Considering  the  R,L,C  elements  only,  the  rate  of 
decay  of  current  for  high  frequencies  (whan  WL*y  R), 
is  given  by[9] 

I  -Ii  exp  O') 

For  an  initial  current  I1  *  40kA,  with  R  «- 

lohm/m,  L  1  2microH/m  and  C  *-  lOpicoF/m  [3]  the  decay 
of  current  for  a  3.5km  long  channel  is  given  In 
Figure!.  Approximate  rates  of  decay  are  4QA/e  for  0  - 
1000m,  lSA/m  for  1000  -  isoom  and  4.lA/n  for  1500  - 
3500m.  mese  values  are  pessimistic  values  in  that 
for  lower  frequency  modes  (  less  than  1MU  ),  which 
are  most  significant  in  lightning  discharges,  the 
rates  of  decay  will  be  much  lower.  Using  the  above 
three  values,  the  percentage  error  in  assualng 
constant  current  in  each  ssiysnt  for  different  number 
of  channel  sections  is  given  in  Tablel. 


where 

*0 V.A 

oC 


%  -  \ 
VQ  -  VO 


^  -  vcf 
e  =■  vo*£v 


T) 


c. 3,  x\o 


-V 

£=» 


(  The  current  does  not  decay  with  height ) .  The 
moat  recent  empirical  model 

(  Mode  12  )  [  11  ]  is  tdtere  the  current  surge  is 
prescribed  to  be  composed  of  three  components.  The 
first  is  composed  of  four  linearly  varying 
components  1  (1)  t  { lmlcroaec,  SkA/mlcrosec  (2)  lit 
(2microsec,  20kA/mlcrosec  (3)  2  <  t £  4microsec, 

-2. SkA/mlcrosec,  (4)  4  <,t  4  40mlcroeec, 

-0.2 SkA/mlcrosec.  The  second  component  is  a  3 . lkA 
uniform  current  and  the  third  component,  called 
corona  component, is  identical  to  the  second  term  in 
(11),  with 

lQ  «•  31 A  t,  cK  and  pas  before)  &z  is  the  length  of 

each  section  the  lightning  channel  is  divided  into. 
Both  the  first  and  third  components  decay  as  exp(-z/ 
A).  (Ihe  numbers  quoted  above  differ  from  those  used 
in  the  original  work).  Space  does  not  permit 
discussion  of  return  stroke  modeling [ 12 ) . 


Where  the  linear  triangular  mesh  is  to  be  tbolly 
automatically  generated,  the  input  specifications 
required  are  the  number  of  nipesnts  the  lightning 
channel  is  to  be  divir into,  the  time  step  t  and 
the  time  limit .  the  mesh  generatsd  in  this  manner 
proves  to  be  fine  and  the  accuracy  is  enhanced,  but 
is  very  e^enslva  in  terms  of  the  matrix  sin  to  be 
handled  by  the  solver.  Alternatively  if  fewer  nodee 
are  to  be  specified  at  distances  swsy  from  the 
channel  in  a  graded  mesh,  the  horizontal  distancee 
from  the  channel  and  the  number  of  nodes  in  each 
vertical  line  ought  to  be  specified,  the  number  of 
nodes  above  the  channel  are  specified  separately,  and 
nay  be  few  in  lumber. 

RESULTS 

The  leader  stroke  pulse  which  res sables  current 


For  the  straight,  vertical  lightning  channel  a 
semi-analytical  solution  for  the  vector  potential  at 
earth  poinc  P,  due  both  to  source  and  image  elements, 
oould  be  obtained  from  05] 

^ *  -ksL  f av  o*') 

J 

-  fes  £  t£<sJ  (vv) 


where 

permeability  of  free  space 
R^  »-  the  distant  of  the  nth  channel  element 

from  P 
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[I  1  -  retarded  current  in  the  nth  element; 
n 

i.e.  at  instant  (t-R^/c ),  where  c  is  the  velocity  of 
light . 

N  =  total  number  of  elements 

The  error  in  calculating  vector  potentials  due 
to  the  division  of  the  channel  into  finite  elements 
is  calculated  from  (14)  and  plotted  in  Figure4.  For 
good  accuracy,  the  minimum  number  of  channel  sections 
should  be  greater  than  25  (see  Tablel).  If  25 
sections  is  assumed  to  give  100  percent  accuracy, 
then  an  error  of  12  percent  for  lion  and  9  percent  for 
25km  will  exist  if  the  channel  is  divided  into  10 
sections.  Magnetic  fields  for  Modell  and  Model2  near 
the  lightning  channel  are  given  in  Figure5(a)  and 
5(b)  respectively.  Magnetic  fields  at  larger 
distances  were  calculated  with  a  sparse  grid  system 
to  keep  the  number  of  nodes  below  300;  retardation 
effects  were  not  included.  Calculated  fields  for 
Model2  are  given  in  Figure6(a)  and  6(b). 


A  compromise  must  always  be  reached  between 
accuracy  and  cost  of  computation[14] .  Further 
comparisons  were  made  between  the  solution  of  A  at 
ground  level,  from  (7)  and  (14).  The  accuracy  of  the 
finite  element  method  was  found  to  be  very  good[6]. 
But  for  distances  greater  than  25km  acceptable 
accuracies  could  not  be  reached  for  a  mesh  size  which 
could  be  solved  for  A  in  2  hours  on  a  main-frame 
ICL2996  machine.  A  feature  which  was  observed  for 
Model2  when  two  few  a  sections  are  assigned  for 
channel  is  fluctuations  of  the  field,  which  are  fine 
in  structure.  As  such  the  distributed  LCR  model  of 
the  return  stroke[3],  which  has  only  been  solved  for 
currents  with  10  sections,  needs  further  study. 

Measured  magnetic  fields[15]  for  leader  strokes 
agree  with  the  computed  fields  in  structure.  Magnetic 
fields  radiated  from  return  stroke,  peak  at  time 
instants  greater  than  3microsec,  and  this  peak  is  on 
a  slowly  varyiing  hump  of  the  waveform.  At  distances 
far  removed  from  the  flash,  the  peak  is  dominated  by 
the  rapidly  increasing  component  of  the  current.  It 
is  of  interest  to  note  that  the  magnetic  fields 
calculated  from  Modell  (  Figured  a)  )  for  near  fields 
also  agree  with  the  measured  pattern  of  the  magnetic 
fields,  ruthermore  the  magnetic  field  wavefront  for 
Modell  is  concave,  a  notable  feature  of  fields  on 
submicrosecond  time  scale. More  discussion,  with 
magnetic  fields  calculated  with  submic rcrecond  time 
step,  is  required  before  the  old  empirical  model[16] 
is  done  away  with,  for  more  complex  models. 


For  studies  on  the  effects  of  branch  currents 
and  tortuosity  of  lightning  channel,  is  it  necessary 
to  go  for  three  dimensional  computation?  It  in 
sufficient  to  carry  out  studies  on  a  two  dimensional 
cartesian  problem  to  determine  the  possible  high 
frequency  effect*  of  branch  currents  of  the  first 
stroke;  but  If  accurate  results  are  required  a  three 
dimensional  simulation  is  necessary.  It  should  be 
pointed  out  that  an  interactive  graphics  system[i7) 
will  greatly  ease  the  burden  on  the  user  and  permit 
mesh  refinement  techniques  to  increase  accuracies 
when  required.  The  J  x  B  force  could  also  be  computed 
using  the  finite  element  method(ii).  Force  inside  the 
channel  could  also  be  determined  since  fields  inside 
the  channel  is  calculated;  the  channel  radius  becomes 
an  important  parameter. This  also  makes  the  finite 
element  method  attractive  as  a  multi-purpose  oomputer 
package. 


CONCLUSIONS 

The  finite  element  has  been  successfully  used  in 
civil  engineering  problems [19]  and  steady  state 
electrical  problems[20].  It  proves  to  be  a  good  tool 
in  solving  lightning  associated  problems.  The 
application  of  the  method  for  such  transient  and 
spatially  large  problems  has  much  scope  for 
improvement  and  application.  All  results  reported 
here  were  limeted  to  a  2  hour  computer  run,  which 
particularly  limited  the  number  of  nodes  assigned 
above  the  ground  plane. Currents  induced  in  a  large 
scattering  body  near  to  the  lightning  flash  and  the 
contribution  of  branch  currents  to  the  magnetic 
fields  are  at  present  being  considered  using  the 
program  developed  in  FORTRAN77  language.  Efficient 
and  user  friendly  grid  generating  routines[21]  will 
be  necessary  if  expensive  three  dimssional  simulation 
is  required. 
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Fig.  2  Decay  of  Current  along  a  transmission  line 
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Fig.  5  (a)  Magnetic  Fields  from  Return  Stroke  Model  1 
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A  NEW  MODEL  OF  LIGHTNING  SUBSEQUENT  STROKE  -  CONFRONTATION  WITH  TRIGGERED  LIGHTNING 
OBSERVATIONS 


P.  Hubert 

Service  d'Astrophysique ,  Centre  d'Etudes  Nucliaires  de  Sac  lay ,  91191  Gif-sur-Yvette  Cedex>  France 

Abstract  -  The  electric  current,  the  electric  field  and  the  magnetic  field  signals  produced  by  a  triggered  lightning 
subsequent  stroke  are  compared  with  the  predictions  of  a  model  which  assumes  that  the  return  stroke  can  be  explained  by 
the  sole  transportation  to  the  earth  of  the  negative  charge  carried  by  the  leader.  While  the  current  and  the  magnetic 
field  signals  are  satisfactorily  explained,  the  model  predicts,  at  a  distance  of  100m,  an  electric  field  jump,  &E,  3.7 
times  larger  than  the  observed  value.  The  deficit  in  E  seems  to  be  common  in  big  subsequent  strokes,  since  the  ratio  of 
flE  to  the  oeak  current,  J  ,  decreases  with  I  .  However,  in  first  strokes  the  same  ratio  is  appreciably  larger.  A 
more  sophisticated  model  is  Weeded  to  take  care  of  these  observations. 


1  -  INTRODUCTION 

This  work  is  an  attemot  to  establish  theoretically  and  to 
justify  experimentally,  a  model  describing  as  a  function  of 
space  and  time  the  displacement  of  electric  charge  and  the 
flow  of  electric  current  along  the  channel  during  a  lightning 
subsequent  stroke.  This  model  considers  the  descent  of  the 
dart  leader  and  the  upward  progression  of  'he  return  stroke. 
It  has  much  in  common  with  the  model  proposed  by  Lin  et  al 
III  and  improved  by  Master  et  al  /2/,  but  it  differs  in  several 
respects.  On  the  one  hand  it  has  the  advantage  to  predict  the 
electric  field  and  the  magnetic  field  variation  during  the 
descent  of  the  dart  leader  and  to  avoid  the  seldom  justified 
assumption  of  a  straight  vertical  channel.  On  the  other  hand, 
it  is  drastically  simplified  at  the  present  stage  and  will  need 
further  refinement  before  being  fully  acceptable. 

Since  it  has  been  observed  that  the  triggered  lightning 
subsequent  strokes  are,  as  far  as  we  know,  exactly  similar  to 
natural  lightning  subsequent  strokes  /3,4/,  triggered  lightning 
offers  an  unprecedented  occasion  to  check  any  theoretical 
prediction  on  the  subject.  This  is  the  object  of  the  present 
contribution. 

A  physicist's  dream  is  a  "typical"  stroke  observed  with  a  full 
set  of  measuring  equipment,  cleverly  adjusted  and  working 
perfectly.  In  spite  of  some  obvious  Imperfections,  the  stroke 
considered  below  was  initially  considered  as  the  best 
approximation  to  an  ideal  case  among  all  the  events  observed 
up  to  now.  As  a  first  step  it  has  been  decided  to  limit  the 
discussion  to  this  sole  event. 

2.  DATA  COLLECTION 

2.1  The  observation  was  made  in  August  1981  during  a 
triggered  lightning  campaign  at  LANGMUIR  Laboratory 
(USA-New  Mexico)  /4/.  The  stroke  considered  below  occured 
823  ms  after  the  beginning  of  the  flash  n*  8116.  Information 
on  this  flash  can  be  found  in  /A,  3,  6  and  7/. 

2.2  The  lightning  current  was  measured  with  a  coaxial  shunt 
and  the  magnetic  signal  with  a  ferrite  antenna.  The  technique 
Is  the  same  as  described  in  /8 /. 

The  electric  signal  measurement  used  a  horizontal  flat  plate 
antenna  /9/  facing  upwards  with  an  arrangement  permitting  a 
theoretical  computation  of  the  geometrical  field 
enhancement  factor.  This  factor  is  1.63,  a  value  small  enough 
to  avoid  any  excessive  corona  effet. 

The  distance  from  the  lightning  struck  point  to  the  magnetic 
sensor  was  I91m.  The  distance  to  the  electric  sensor  was 
102m. 


2.3  The  three  dimensional  geometry  of  the  channel  has  been 
obtained  with  a  pair  of  pictures  interpreted  following  a 
stereographic  method  described  in  /1 0/.  One  picture  of  the 
pair  (photo  A)  was  kindly  supplied  by  R.Orville,  it  appears  on 
the  left  of  fig  2  in  ref  / 7/.  The  other  picture  (photo  B)  was 
obtained  by  the  author's  wife  from  a  place  such  that  an  angle 
of  51.9  deg.  exists  between  the  two  lines  of  sight.  The  field  of 
photo  A  is  limited  to  the  lower  part  of  the  channel,  from  zero 
up  to  620m  above  ground  (channel  length:  821  m).  Above  this 
point,  the  photo  B  has  been  interpreted  by  assuming  that  on 
photo  A  the  channel  picture  proceeds  in  the  direction  defined 
by  the  last  visible  segment.  Using  this  procedure,  the  last 
visible  point  on  photo  B  is  1025m  above  ground,  the  channel 
length  being  1635m.  Thereafter  it  has  been  assumed  that  the 
channel  is  a  straight  line  in  the  same  direction  as  the  last 
computed  segment. 

2.4  The  velocity,  VL,  of  the  dart  leader  and,  VRS  of  the 
return  stroke  has  been  measured  with  an  optoelectronic 
device  developed  at  St  Privat  /II /.  The  results  are  : 

VL  =  3.0  (+  0.3)  107  m/s 

VRS  =  1.4  (f  0.4,  -  0.26)  10®  m/s 

On  the  same  flash,  with  a  streak  camera  technique,  velocity 
measurements  have  been  performed  simultaneously  by 
R.Orville's  team  /7 /.  However  their  camera  included  a 
shutter  which  was  open  during  a  time  too  short  for  the  late 
stroke  considered  here.  For  the  earlier  strokes,  the 
agreement  between  the  results  obtained  with  both  techniques 
is  sufficient  to  give  confidence  in  the  figures  given  above. 

An  important  fact  quoted  in  /7/  is  that  in  all  th'i  strokes 
observed  with  the  streak  camera  an  upward  connecting 
streamer  met  the  downward  leader  at  the  height  of 
approximately  20m  above  ground.  An  observation  made  by 
A.Eybert-Berard  and  L.Barret  with  a  slower  streak  camera 
/6/  seems  to  indicate  that  the  same  is  probably  true  for  the 
stroke  considered  here  but  the  Image  of  the  leader  is  so  faint 
that  the  Interpretation  is  ambiguous. 

3  -  THEORY  AND  METHOD 

The  diameter  of  the  channel  is  supposed  small  enough  to 
consider  it  as  a  filament  on  which  any  point  is  defined  by  Its 
curvilinear  abscissa,  s.  At  the  ground  s-0,  above  ground  it  Is 
positive. 

The  model  Is  expected  to  give  the  current,  1  (s,t)  and  the 
linear  charge  density,  where  t  is  the  time. 
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In  the  case  of  a  filament,  the  classical  Maxwell  equations 
/12,13/,  can  be  written: 


-  -  'b  I  /  "b s 

(i> 

e  =  -  v<p  -  Wat 

(2) 

B  7xA 

(3) 

— V  — ► 

E  and  B  are  the  electric  and  the  magnetic  field. 

and  A  are  the  retarded  scalar  and  vector  potentials, 
At  any  place  of  observation: 


d>,.,  _  —  Afs,  |--«/c)0ls 

Tl  "  Wo  J  R 
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(4) 


ds  is  a  vector  of  length  ds  parallel  to  the  channel  at  the  point 
of  abscissa,  s,  R  is  the  distance  between  the  same  point  and 
the  observer,  c  is  the  speed  of  light. 

Taking  into  account  I  and  A  given  by  the  model  and  the  shape 
obtained  as  explained  in  §  2.3,  a  computing  program  has  been 
developed  which  performs  the  integration  of  the  equations 
(4),  (5)_^nd  the  derivations  implied  by  (2)  and  (3)  in  order  to 
obtain  E  and  Tfat  the  position  of  their  respective  sensor.  The 
computation  takes  care  of  the  image  principle,  assuming  that 
the  ground  is  a  flat,  horizontal,  perfectly  conducting  plane. 


The  altitude  of  the  observer  can  be  chosen  at  will  in  order  to 
simulate  a  measurement  on  the  ground  or  close  to  a  flying 
aircraft.  In  the  ground  observation  reported  here,  the  vertical 
component  E*  and  the  tangential  component  Be  are 
considered  only.  For  the  sake  of  simplicity  the  subscripts  Z 
and  0  are  omitted  below. 


Since  the  equations  are  quite  general  the  method  is  valid  for 
observation  at  any  distance.  The  only  approximations  are 
related  to  the  properties  of  the  ground  and  to  the  imperfect 
knowledge  of  the  shape  of  the  channel. 

4  -  THE  MODEL 


<i.l  The  model  described  here  has  been  developed  completely 
with  analytical  expressions  which  are  simple  but  too  lengthy 
to  be  printed  in  this  report  where  the  basic  ideas  are  more 
Important  for  the  reader’s  information. 

At  each  step,  use  has  been  made  of  the  charge  conservation 
equation  (1)  in  order  to  deduce  when  1  is  known  and  vice 
versa. 

4.2.1  Concerning  the  dart  leader  the  assumptions  are  as 
follows. 

Initially,  the  negative  charge  Q  is  concentrated  on  a  single 
point  at  the  top  of  the  channel  where  s=sr  .  During  the 
descent  this  charge  expands  in  such  a  way  that,  as  proposed 


by  Golde  /1 4/,  the  density  has  an  exponential  distribution: 

A  =0  exp  (-s/L)/(L  (exp(-Sj  /L)-exp  (-sT  /L)))  (6) 

L  is  a  characteristic  length,  s^  is  for  the  lower  end  of  the 
leader 


A  =  0  if  s  <  Sj 

Taking  into  account  the  remark  at  the  end  of  §  2.4  and 
adopting  the  point  of  view  of  Lin  et  al  /!/,  in  what  concerns 
subsequent  strokes,  the  influence  of  the  upward  going 
connecting  streamer  is  neglected. 

4.2.2  After  the  time,  tL  ,  when  the  leader  reaches  the  ground 
and  before  the  instant  when  the  point  under  consideration  has 
been  reached  by  the  return  stroke  (RS.)  the  current  goes  on 
flowing  but  it  decays  exponentially  with  a  time  constant 
which  respects  the  continuity  of  I  and  of  /'bt  when  t  =  tt  . 

4.3.1  Concerning  the  return  stroke,  in  conformity  with  the 
idea  expressed  in  /!/,  it  is  assumed  that  the  arrival  of  the 
R.S.  turns  on  distributed  current  sources  which  send  a 
negative  current  downwards  with  the  speed  of  light.  For  an 
element  ds  situated  in  s,  the  contribution  to  the  current  is: 

dl  =  (Ao/D  exp  (-  ftt/C)  ds  (7) 

A.  is  the  density  of  charge  which  exists  when  the  R.S.  arrives 
in  s.  This  charge  represents  the  charge  deposited  by  the 
leader  and  modified  by  the  process  occurring  before  the 
arrival  of  the  R.S.  as  described  in  §  4.2.2. 

Z  is  an  adjustable  time  constant. 

A  t  is  the  time  elapsed  between  the  passage  of  the  R.S.  and 
the  instant  when  the  point  s  is  considered. 

4.3.2  Another  contribution  to  the  current  in  the  R.S.  is  the 
current  which  crosses  the  boundary  at  the  top  of  the  R.S.  This 
current  is  evaluated  in  the  same  way  as  it  is  in  $  4.2.2.  After 
crossing  the  boundary  it  travels  downwards  with  the  speed  of 
light. 

3  -  OBSERVATION  VERSUS  COMPUTATION 

5.1.  Figures  1,3,5  represent  respectively  the  current,  the 
magnetic  and  the  electric  signals  recorded  as  explained 
above.  Figures  2,  4,  6  are  the  sanje  signals  computed  with  the 
parameters  L=  15000  m  and  Z  =IOTf.  On  the  computed  curves, 
the  vertical  scale  is  normalized  so  that  the  maximum  current 
1  max  =  20  kA  is  the  same,  on  fig  1  and  fig  2. 

5.2.  On  the  current  curves  (fig  I  and  2)  the  time  to  half  value 
is  approximately  the  same  tj=  65  f*  s.  This  agreement  is  the 
result  of  the  choice  of  L.  The  rise  time  Is  shorter  on  the 
computed  curve,  the  main  reason  being  that  r  has  been 
chosen  too  small.  No  attempt  has  been  made  for  a  better 
choice  because  this  would  be  a  vain  effort  a»  long  as  the 
model  does  not  take  the  connecting  streamer  into  account. 

5.3.  The  observed  and  the  computed  magnetic  signal  (fig  3 
and  4)  are  in  rather  good  agreement  in  what  concerns  their 
shape.  On  both  curves,  it  is  interesting  to  remark  the  slow 
rise  which  precedes  the  steep  part  of  the  signal.  This  slow 
rise  does  not  exist  on  the  current  curve:  It  is  due  to  the 
current  in  the  dart  leader  before  It  reaches  the  ground.  This 
observation  which  validates  the  dart  leader  model  has  been 
made  frequently  on  triggered  lightning  strokes. 

The  amplitude  of  the  observed  magnetic  signal  Is  0.16  Gauss, 
versus  0.26  Gauss  for  the  computed  one,  the  ,'ifference  is 
larger  than  the  expected  accuracy.  An  explanation  can  be 
found,  probably  in  the  non  uniform  conductivity  of  the 
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ground:  the  probe  being  only  2m  above  ground,  it  can  be 
expected  to  be  rather  sensitive  to  this  effect. 

It  is  gratifying  to  note  that  the  "rule  of  thumb"  expression 
frit 

B  =MoT  /  21JD 

max  [  A  max 

where  the  distance  D  =  191m,  gives  B  =  0.21  Gauss  which 
is  just  midway  between  the  observed  anti  the  computed  value. 

5.4.1  The  observed  and  the  computed  electric  field  signal 
shown  on  fig  5  and  6  have  an  overall  shape  which  is  roughly 
the  same.  First  trie  negative  charge  lowered  by  the  dart 
leader  produces  an  increase  in  the  absolute  value  of  the 
negative  field.  When  the  leader  reaches  the  ground  the  charge 
is  drained  to  the  earth  and  the  field  recovers  its  initial  value. 
Normally  one  would  expect  that  after  the  stroke  the  curve 
should  be  higher  than  before  because  of  the  disappearance  of 
the  charge.  This  has  been  observed  in  many  instances  but  in 
the  present  case  the  difference  is  unnoticeable  because  the 
charge  is  at  a  large  distance  initially. 

The  comparison  between  fig  5  and  6  reveals  that  on  the 
computed  curve  the  recovery  is  slower  and,  worse  of  all,  that 
the  amplitude  of  the  computed  signal  is  3.7  times  larger  than 
the  amplitude  of  the  measured  value. 

5.4.2  In  order  to  resolve  this  major  discrepancy  several  simple 
hypothesis  have  been  put  forward;  all  but  one  can  be  rejected 
after  examination. 

A  strong  corona  current  occurring  near  the  sensor  or  on  the 
sensor  itself  would  produce  a  screening  effect  but,  in  that 
case  the  positive  charge  deposited  in  the  air  would  produce  an 
overshoot  on  the  signal  because  this  kind  of  charge  needs  a 
relatively  long  time  to  dissipate. 

The  short  connecting  streamer  and  the  tripod  mentioned  in 

52.4  and  in  /4/,  respectively  are  certainly  responsible  for 
some  amount  of  electric  field  reduction.  It  is  unlikely  that 
the  reduction  factor  would  be  so  large  at  a  distance  of  102m 
with  objects  about  20m  in  height.  However,  as  explained  in  5 

2.4  the  hypothesis  of  a  longer  connecting  streamer  cannot  he 
excluded. 

Changing  the  value  of  T  does  not  solve  the  problem  because 
the  maximum  value  of  E  occurs  before  the  launching  of  the 
return  stroke. 

Changing  L  or  using  a  linear  mixture  with  several  different 
L's  has  been  attempted  also  without  succes. 

6  -  ELECTRIC  FIELD  JUMP  IN  DIFFERENT  STROKES 

6.1.  Considering  all  the  strokes  pertaining  to  four  flashes 
which  fell  at  nearly  the  same  distance  from  the  electric  field 
sensor,  an  evaluation  has  been  made  of  the  ratio 

R  :  A  E/  rmax  where  A  E  is  the  field  jump  due  to  the  return 
stroke  andmr  is  the  peak  current.  The  results  are 
summarized  oh  table  I  where  R*v  is  the  average  value  and 
c.c.  is  the  coefficient  of  correlation  between  J  x  and  R. 

Following  the  nomenclature  in  /4/,  the  flash  8123  is 
"anomalous"  and  the  other  three  are  "pseudo-classical". 
Consequently,  the  four  flashes  present  a  genuine  "first 
stroke"  but  only  the  flash  8123  has  a  powerful  one. 

Two  important  facts  emerge  ftom  table  I : 

6.2.  In  subsequent  strokes  there  is  a  strong  negative 

correlation  between  and  R.  In  other  words,  in  big 

subsequent  strokes,  £  Fts  lower  than  predicted  by  mere 
proportionality.  This  non  linearity  is  probably  due  to  the 
existence  of  a  connecting  discharge,  the  length  of  which  Is 


greater  for  powerful  strokes.  This  is  in  contradiction  with  the 
currently  held  .  view  that  the  connecting  discharge  is 
unimportant  in  subsequent  strokes  /!/. 

In  the  flash  8116,  the  stroke  considered  above,  for  a  check  of 
the  model,  has  a  value  R  =  0.5  which  is  one  of  the  lowest  in 
the  list.  This  circumstance  explains  the  failure  of  the  model 
to  predict  A  E  correctly. 

6.3.  In  first  strokes,  the  ratio  R  is  larger  than  it  would  be  in 
subsequent  strokes  with  the  same  I  .  In  fact,  in  the  1981 
observations,  the  first  stroke  of  most  anomalous  flashes 
saturated  the  E  probe  electronics.  The  probable  explanation  is 
that  the  launching  of  the  upward  propagating  connecting 
streamer  requires,  an  electric  field  higher  in  virgin  air,  than 
in  the  preionised  conditions  which  prevail  when  the 
subsequent  strokes  occur. 


7  -  DISCUSSION  AND  CONCLUSION 

The  model  of  Lin  et  al  /1, 2/  includes  three  ingredients  which 
they  call:  corona  current,  uniform  current  and  break  down 
pulse  current.  The  model  above  uses  only  an  equivalent  to  the 
first  ingredient  but,  with  a  mixture  of  L's  it  incorporates  also 
the  second  one  if  one  of  theL's  is  infinite.  Then  the  only 
missing  ingredient  is  an  upward  going  current  pulse  which 
transfers  a  positive  charge  from  the  earth  to  the  sky.  A 
preliminary  attempt  to  incorporate  such  a  pulse  in  the 
computation  indicates  that  it  is  not  sufficient  alone  but  that 
the  trend  is  in  the  good  direction.  At  the  time  of  this  writing 
it  seems  that  a  solution  may  exist  by  incorporating  the  effect 
of  a  connecting  streamer  combined  with  an  upward  pulse 
which  carries  a  fraction  of  the  total  charge  larger  than  the 
fraction  estimated  in  /2/. 

If  one  considers  the  number  of  measured  parameters  which 
have  to  be  explained  simultaneously,  it  is  the  first  time  that  a 
lightning  stroke  model  is  subjected  to  a  test  so  severe.  In 
consequence  it  is  not  surprising  if  the  first  attempt  to  give  a 
global  explanation  is  only  a  step  in  that  direction. 
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TABLE  1 


FIRST  STROKE 

ALL  SUBSEQUENT  STROKES 

SUBSEQUENT  STROKES 

WITH  Im.„>5kA. 

FLASH 

N! 

Imax 

kA. 

R 

U 

C.C. 

It 

Rav 

C.C. 

8116 

3 

1.6 

27 

0,9 

-0,74 

14 

0,67 

-0,91 

81  20 

2.2 

2.6 

23 

1,0 

-0,71 

15 

0,95 

-0.60 

81  23 

35 

* 

>1.6 

20 

1.5 

-0,78 

9 

1,2 

-0,79 

8124 

1J 

2.8 

31 

1.1 

-0,74 

21 

0,95 

-0,69 

^  Electric  field  sensor  saturated 


Imax  !  ^current 

R  :  ratio  £E/  J  m#x  where  &  E  is  the  electric  field  jump 
R#v  s  average  R 

c.c.  j  correlation  coefficient  between  R  and  T 

A  max 


n 


5  number  of  strokes 
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Fig.l.  Measured  current 
6.4  kA/division 


20  jjs/division  2  jis/division 


Fig. 2.  Computed  current 
5.8  kA/division 

20  fis/division  2  ps/division 


I 

1 

t 

Fig.  3.  Measured  magnetic  signal 
3.3.  10'2  Gauss/division 

20  us/division  2  ps/division 


Fig. 4.  Computed  magnetic  signal 
5.6  10"2  Gauss/division 


'0  ps/division 


t 


2  jjs/divisio- 
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Fig. 5.  Measured  electric  signal 
1.9  kV/m/division 

20  jjs/division 


Fig. 6.  Computed  electric  signal 
7.7  kV/m/division 

2  jjs/Hiv.ision 


2  jjs/division 


20  jjs/division 
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J.A.  Bicknell  and  R.W.  Shelton 

Physics  Department ,  University  of  Manchester  Institute  of  Science  &  Technology,  Manchester  M60  1QD,  U.K. 


Abstract 


The  corona  produced  at  aircraft  surfaces  requires  an  energy  input  before  the 
corona  can  develop  into  a  high  current  discharge  and,  thus,  a  possible  lightning 
stroke.  This  energy  must  be  drawn  frctn  the  space  charge  field  of  the  thundercloud 
and,  since  this  is  of  low  density,  the  unique  propagation  characteristics  of  positive 
corona  streamers  may  be  important.  Estimates  of  the  energy  made  available  by  the 
propagation  are  compared  with  laboratory  measurements  of  the  minimum  energy  input 
required  to  trigger  a  breakdown.  The  comparison  indicates  a  minimum  streamer  range 
for  breakdown  of  several  tens  of  metres.  Also  estimated  is  the  energy  released  as  a 
consequence  of  streamer-hydri  meteor  interactions;  this  is  shown  to  be  significant  so 
that  breakdown  could  depend  upon  the  precipitation  rate  within  the  cloud.  Inhibiting 
streamer  production  may  therefore  provide  an  aircraft  with  a  degree  of  corona  prot¬ 
ection  . 


INTRODUCTION 

It  is  axiomatic  that  the  lightning  dis¬ 
charge  draws  energy  from  the  electric  field 
of  the  host  thundercloud  but  the  mechanism 
whereby  this  energy,  which  is  of  low  density 
and  large  volume,  is  funnelled  into  a  relat¬ 
ively  small  discharge  channel,  is  not  at  all 
clear.  A  somewhat  similar  situation  prevails 
in  the  consideration  of  charge  movement  and 
distribution  as  evidenced  by  the  charged  and 
uncharged  leader  controversy  (Kasemir  1984). 
It  is  common  to  suppose  that  the  breakdown  of 
long  non-uniform  gaps  provides  a  good  analogy 
with  that  of  the  lightning  discharge  and 
certainly  detailed  studies  such  as  those 
conducted  by  the  Les  Renardieres  Group  (1972, 
1974)  have  revealed  a  marked  similarity  in 
the  behaviour  of  the  respective  leader-return 
stroke  phase.  However  we  are  here  only  con¬ 
cerned  with  the  triggering  of  the  discharge 
and,  in  this  case,  a  comparison  of  the  two 
reveals  a  number  of  discrepancies 
particularly  with  regard  to  the  magnitude  of 
the  energies  and  energy  densities. 

Except  for  possibly  plane-plane  elect¬ 
rode  geometry  the  first  stage  of  a  breakdown 
in  a  gap  of  laboratory  dimensions  involves 
the  development  of  some  form  of  corona  and 
there  is  no  reason  to  suppose  this  pattern 
will  not  be  repeated  in  a  lightning  dis¬ 
charge.  Suitable  natural  corona  sites  in  a 
thundercloud  include  single  hydrometeors 
(ice,  water  etc)  and  colliding  water  drops 
(Crabbe  1974)  whilst  aircraft  and  rockets 
provide  artificial  alternatives.  Of  course, 
the  appearance  of  corona  is  not  the  sole 
requirement  to  ensure  a  breakdown;  corona  is 
a  low  current  phenomena  which  requires  an 
additional  energy  input  sufficient  to  promote 
a  transition  to  arc-like  conditions  charact¬ 
erised  by  a  sharp  increase  in  electron  con¬ 


centration.  According  to  Barreto  (1984)  gas 
heating  follows  the  formation  of  the  weakly 
ionised  plasma  of  a  corona  streamer  channel. 
The  increase  in  ionisation  required  may  then 
be  achieved  in  several  different  ways  depend¬ 
ing  upon  the  size  of  the  gap.  In  long  gaps 
highly  luminous  ionisation  waves  are  thought 
to  be  responsible.  Marode  (1979)  and 
others  have  presented  breakdown  models  based 
upon  the  joule  heating  of  the  streamer  chann¬ 
el  whilst  Sigmond  (1982)  and  Bicknell  (1983) 
have  estimated  the  energy  input  required  to 
achieve  the  transition  in  small  gaps  of  a  few 
cm. 

It  is  the  availability  of  this  energy 
which  distinguishes  the  laboratory  gap  from 
the  thundercloud.  If  the  long  gap  is  apo- 
roximated  by  a  concentric  sphere  arrangement 
(inner  radius  a,  outer  radius  b)  with  the 
inner  sphere  raised  to  a  potential  V  then  for 
b>>a,  one  half  of  the  capacitative  energy  is 
contained  within  a  sphere  of  radius  2a.  For 
this  region  the  energy  6  and  average  energy 
density  C  are 

€  ■  X€,aV2  €  -  3c*V2/28a2 

For  the  Les  Renardieres  impulse  generator 
with  a  -  0.3m,  b  -  10m  the  breakdown  voltage 
is  “2MV  or: 

€  -  34J  £  -  42J  m"3 

In  practice,  a  is  the  radius  of  a  hemispher- 
ically  capped  rod  so  that  the  approximation 
underest iaia tea  the  average  energy  density  in 
the  vicinity  of  the  rod.  With  such  large 
energy  densities,  the  corona  originating  at 
the  electrode  achieves  the  required  increase 
in  channel  ionisation  and  the  transformation 
to  a  corona  leader  which  completes  the  in¬ 
itiation  or  triggering  phase.  Gibert  (1984), 
using  a  Schlieren  technique  has  captured  the 
phenomena  beautifully  in  long  gaps.  From 
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3.  A.  Bicknell  et  al. 


studies  of  surface  breakdown  Boulay  (1984) 
has  shown  that  the  corona  leader,  consisting 
of  a  conducting  stem  with  corona  at  the  head, 
can  propagate  as  a  single  entity  once  formed. 

By  contrast,  in  a  thundercloud  the 
energy  densities  available  for  corona  growth 
are  significantly  lower.  The  ambient  spac^ 
charge  field  energy  density  is  only  0.4Jm 
for  a  field  of  3kVcm  .  The  enhanced  fields 
near  charged  or  uncharged  hydrometeors  pro¬ 
vide  larger  densities  but  only  in  extremely 
small  volumes.  Charged  aircraft  may  serve  as 
rather  large  energy  sources  but  to  approach 
the  values  cited.above  would  require  an  air¬ 
craft  of,  say  10  pf  capacitance  to  be  raised 
to  a  potential  well  in  excess  of  IMV  if  the 
space  charge  field  is  ignored.  Clearly, 
corona  from  static  wicks  would  prevent  the 
necessary  charge  accumulation.  In  any  case 
the  mechanism  which  causes  natural  lightning 
would  be  equally  applicable  to  any  discharge 
triggered  by  aircraft.  In  the  absence  of 
large  energy  densities  some  means  of  tapping 
the  energy  stored  in  large  volumes  must  be 
considered.  Corona  propagation  provides  an 
obvious  possibility  with  dissipation  incr¬ 
easing  with  range.  We  summarize  briefly 
below  the  more  relevant  properties  of  corona 
together  with  the  proposed  energy  require¬ 
ments  for  breakdown.  These  are  then  used  to 
estimate  the  necessary  range  of  the  corona. 


Corona 

Any  conductor  in  a  sufficient  electric 
field  displays  ambipolar  corona  with  the 
onset  field  generally  inversely  dependent 
upon  the  conductor  length  in  the  direction  of 
the  field.  Both  corona  polarities  can  ex¬ 
hibit  optical  and  current  modulation?  the 
positive  frequency  (l-10kHZ)  is  lower  than 
the  negative  frequency  <50kHZ-lMHZ)  Humood 
(1984).  There  exists  a  minimum  field  E  in 
which  corona  can  propagate  indefinitely  -the 
critical  or  stability  field.  The  value  of 
this  field  is  however  significantly  lower  for 
positive  corona  streamers  than  for  negative 
streamers  (Tang  1982).  At  atmospheric  press¬ 
ure  we  have 

Eq+  -  4.5  kV/cm  EQ"  -  18kV/au 

with  somewhat  lower  values  at  lower  press¬ 
ures.  Since  measured  large  scale  electric 
fields  in  a  thundercloud  do  not  exceed 
”4kV/an  (Winn  1971)  then  only  positive  strea¬ 
mer  propagation  is  initially  possible  with 
some  allovance  being  made  for  altitude.  The 
negative  corona  remains  essentially  local¬ 
ised.  The  streamers  branch  as  they  travel 
away  from  the  aircraft  or  hydromete^r  a:  a 
velocity  >10  ms-A  (Tang  1982)?  each  ’ctive 
streamer  consisting  of  a  dense  positive  pace 
charge  010  C)  at  the  head  of  a  trail  of 
quasi-neutral  plasma  having  a  diameter  "bOpm 
(Marode  1975).  From  Lichtenberg  figures  taken 
in  small  gaps  the  streamer  number  density  at 
the  front  of  the  propagating  system  has  been 
estimated  to  be  2  x  10  m  and  approximately 
constant  (Bicknell  1980). 


Energy  to  Initiate  a  Breakdown 


The  corona  propagation  is  dissipative, 
the  energy  being  used  for  ionisation,  re¬ 
quired  to  extend  the  channel?  excitation, 
with  subsequent  radiation?  and  channel  heat¬ 
ing.  The  newly  created  channel  has  an  ^..ect- 
ron  density  of  ~10  m  j  most  of  the  energy 
released  by  the  displacement  being  used  in 
the  creation  of  this  plasma  with  the  field  at 
or  near  the  stability  level.  Indeed  a  good 
estimate  of  the  value  of  the  stability  field 
can  be  obtained  from  this  proposition.  For 
breakdown  the  ^lectron  density  must  be  in¬ 
creased  to  “lO^m  and  this  requires  a  fur¬ 
ther  energy  input.  Marode  (1979)  and  others 
have  put  forward  the  idea,  supported  by  model 
calculations,  that  joule  heating  of  the 
channel  gas,  which  leads  to  an  enhanced  ion¬ 
isation  coefficient,  may  be  the  possible 
mechanism.  The  joule  heating  results  from 
the  channel  current  which  grows  as  the  field 
increasingly  exceeds  the  stability  level. 
Sigmond  (1982),  using  the  current  profile 
from  corona  onset  to  breakdown  in  small 
point-plane  gaps  has  estimated  this 
additional  energy  input.  Bicknell  (1983)  has 
used  the  same  procedure  but  with  an  elect¬ 
rode  geometry  which  allows  the  streamers  to 
propagate  in  a  quasi-uniform  field.  In  this 
case  the  energy  input  per  unit  length  of 


channel 

just 


required  for  a  breakdown  field  Eg  is 


h( 


idt . 


10 


-1 


and, appears  to  saturate  at  a  value  of 
Jm  for  distances  greater  than  5  x  10  *m. 
The  integration  is  terminated  when  the  curr¬ 
ent  begins  to  increase  again  after  the  decay 
of  the  first  corona  current  pulse.  For  this 
reason  J  is  not  comparable  with  the  much 
larger  values  quoted  by  Israelsson  (1984), 
Uman  (1968)  and  others  which  refer  to  the 
completed  arc  phase. 

Energy  and  Range  Estimates 


The  propagating  streamer  system  effect¬ 
ively  introduces  a  dipole  into  the  charged 
region  of  a  thundercloud  thus  releasing  a 
quantity  of  energy  which  increases  with 
streamer  range.  Most  of  this  energy  is  con¬ 
sumed  in  creating  the  increasing  number  of 
streamer  channels  but  if  it  can  be  argued 
that  some  small  fraction  is  available  as  an 
input  to  a  given  length  of  channel,  probably 
located  near  the  origin  of  the  system  (eg  the 
aircraft)  then  at  a  given  range  the  value  of 
the  energy  input  per  unit  length  will  exceed 
J  and  a  breakdown  may  be  triggered.  Neither 
tRe  fraction  available  nor  the  breakdown 
length  are  precisely  known  so  that  estimates 
made  are  necessarily  only  crude  such  as  those 
at  (i)  below.  An  alternative  approach  is  to 
consider  energy  inputs  which  arise  as  a  re¬ 
sult  of  streamer-droplet  interactions.  Al¬ 
though  the  amounts  involved  are  much  smaller 
than  the  dipole  energy,  the  energy  is  not 
only  more  directly  available  to  the  channel 
but  is  also  an  input  which  would  not  normally 
occur  in  the  absence  of  the  interaction.  For 
example,  if  ionising  waves  are  important  in 
long  gap  breakdown  it  is  difficult  to  see  how 
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they  might  arise  in  a  thundercloud  in  the 
absence  of  a  cathode  unless  one  regards  the 
hydrometeors  as  essentially  representing  an 
extended  cathode.  At  (ii)  the  interactions 
are  assumed  to  reduce  the  space  charge 
density  in  the  region  of  the  thundercloud 
occupied  by  the  streamer  system  and  at  (iii) 
the  dissipation  of  the  streamer  tip  electro¬ 
static  energy  is  considered. 

( i  )  Dipole  Energy 

The  negative  region  of  the  thundercloud 
is  represented  by  a  spherical  volume  of 
radius  Rq  and  a  space  charge  density^;  the 
positive  charge  centre  is  ignored  throughout. 
A  streamer  system  initiated  from  an  aircraft 
or  hydrometeor  at  the  perimeter  of  the  char¬ 
ged  volume  where  the  field  is  greatest  prop¬ 
agates  radially  into  the  cloud.  If  we  assume 
that  this  deposits  a  charge  +Q  at  r  =  R  -R 
and  -Q  at  r  =  R  where  R  is  the  streamer 
range  then  the  change  in  electrostatic  energy 
is 

€  "  Qf  RoR/3€o  for  R<<Rq 

ignoring  the  small  energy  due  to  the  dipole 
QR  itself.  For  propagation  |o  occur  then  the 
perimeter  field  must  be  >  Eq  so 

€  =  QEqR  (a' 

propagation  continues  until  the  field  is  < 
E  .  If  the  system  is  roughly  conical  of 
half  angle  Ot,  a  streamer  density  6  and  a  mean 
charge  per  streamer  tip  of  q  then 

Q  =  R2q  X  6  tan^X  *  aR2  where  a  *  JtqBtan^c. 

or  £.«  aE  +R3  (2) 

o 

If  a  fraction  f  of  this  energy  is  made  avail¬ 
able  to  a  channel  of  length  kR  then  the  unit 
energy  input  J  is 

+  2 

J  ■*  faE  R  /k  }  J  for  a  breakdown 
o  o 

or  R  *  [kJo/faEo+]  ^  -  2.75  Qk/f  ]  h) 

for  J  -  10_1  Jm"1  E  +  »  3  x  105  Vm"1  6  =  2  x 
10+  ft.  q  -  10  ZS  -  15*.  So  if  only  0.1% 
of  the  energy  is  available  for  a  channel 
which  is  101. of  the  streamer  range  then  f  ■= 
10-  ,  k  ■  10_  and  the  required  minimum  range 
is  27.5m. 

( ii )  Reduction  of  the  Space  Charge  Density 


in  a 

spherical  volume  of  radius  R/ near 

the 

cloud 

surface.  The  electrostatic  energy 

of 

this 

volume  before  the  passage  of  the 

str- 

earner 

system  is 

=Cp2 

R5.  where  C  =  4)1/1 5Co  for  a  sphere 

so  that  a  reduction  of  Ap  in  the  density 

releases  energy  of  J 

=  8X  E0RSAj>/5R0 

(4) 

where 

we  have  put,  since  R*<<R  . 

S  =  36oVRo 

Making  the  pessimistic  assumption  that  this 
energy  is  dissipated  in  a  channel  length  of 
2r'  then  to  trigger  a  breakdown 


J  =  Ae/ 2R' =  4 X  EQRlAf/5Ro  )  JQ 

or  r'44?>  5 J  R  /4jl  E  -  4  x  10~4  (5) 

J  o  o  o 

for  the  values  already  quoted  in  (i). 

The  change  in  space  charge  density  will 
clearly  depend  on  the  number  of  interactions 
per  unit  volume  and  therefore  on  the  size 
distribution  of  the  hydrometeors  N(d)  and  the 
streamer  number  density  8  as  well  as  the  tip 
charge  q.  From  mean  free  path  considerations 

Aj>  *  0.25XBq^Tds  +d)2N(d)dd  (6) 

Where  only  hydrometeors  greater  than  the 
diameter  d  of  the  streamer  channel  are  cons¬ 
idered  significant  (Phelps  1971).  N(d)  may 
be  represented  by  a  Marshall-Palmer  distrib- 


ution  (Pruppacher  1980)  which  expresses 

the 

rain  droplet  spectrum  in  terms  of 
ipitation  rate  A. 

the 

prec- 

N ( d >  »  nQ  exp  (-.Ad) 

(7) 

where  -A.  =  4.1A  ^’2^mm  3  and  n 
stant,  8  x  105  m-J  mm'1  . 

is  a 

con- 

Thus  substituting  for  N(d)  we  have 
Aj~  2 .5xlO-7XBno^  J  (dg  +  d)2  exp(-_4.d)dd 
which  can  be  integrated  to  give  (8) 

Af~  5  x  10_7JC6qno  exp  (-AdR  )  for  d  <<.4. 

-A.1 


St reamer -hydrometeor  interactions  will 
lead  to  the  deposition  on  the  larger  hydro¬ 
meteors  of  the  tip  charge  and  a  reduction  of 
the  local  negative  space  charge  density. 
Although  the  energy  involved  is  considerably 
less  than  that  considered  at  (i)  the  direct 
interaction  could  provide  a  more  efficient 
mechanism  for  the  transfer  of  energy  to  a 
potential  breakdown  channel,  all  the  inter¬ 
actions  being  linked  by  the  weakly  ionised 
trails  of  each  streamer.  To  simplify  the 
calculation  we  assume  that  the  streamer, 
originating  from  an  aircraft  or  hydrooeteor 
near  the  surface  of  the  spherical  thunder¬ 
cloud  of  radius  R  ,  reduces  the  space  density 


Substituting  for Af in  condition  (5)  the 
value  of  R  is  ■' 

R'>  56.2ff 0,16  exp  (0.1UT0,21)  (9) 

where  the  precipitation  rate  A  is  expressed 
in  units  of  mm  hr”  .  r' .  is  shown  as  a  fun¬ 
ction  of  Ain  Fig.  1.  Here  r' .  is  not  the 
streamer  range  but  the  radius  ornthe  assumed 
spherical  region  which  suffers  a  space  charge 
density  reduction;  the  two  lengths  are  how¬ 
ever  clearly  related  so  that  a  similar  depen¬ 
dence  of  the  range  on  A  is  to  be  expected. 
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Figure  1. 


Streamer  Ti; 


The  dense  blob  of  positive  charge  at  the 
extremity  of  each  propagating  streamer  has  an 
electrostatic  energy  fct  which  is  released 
when  the  tip  strikes  a  Hydraneteor .  We  shall 
assume  that  this  energy  is  made  available  to 
a  section  of  the  streamer  system  near  the 
origin  as  in  (ii>.  Tang  (1982)  has  certainly 
observed  luminous  waves  travelling  back  along 
a  streamer  channel  following  an  interaction 
with  a  large  simulated  hailstone  but  the 
microphysics  of  the  process  is  not  well 
understood.  Taking  a  conical  streamer  system 
as  in  (i)  of  range  R  then  the  energy  avail¬ 
able  is: 

XR3tan2OC,  N(H)€t  (10) 

Where  N(fc)  is  the  number  of  streamer-droplet 
interactions  per  unit  volume.  If  here  R  is 
the  streamer  range  required  to  trigger  a 
breakdown  in  unit  channel  length  assuming 
that  all  of  the  available  energy  is  diss¬ 
ipated  in  this  channel  then  j. 


rus  cnannei  cnen  j, 

l  JjQ/  X  tan^8tN(4>€tJ 


where 


&t 
N(A  ) 


3q  /lOl^dg  and 


,exp(-24d.) 


The  lower  integration  limit  for  N(A)  is  here 
2d  .  Taking  the  average  tip  charge  to_x  be 
5xfo’fl  C.  in  a  sphere  of  radius  d  ■  6x10  mm 
and  with  other  values  as  before  then  typical 
minimum  values  for  the  streaswr  range  are 
shown  in  Table  1. 


Heavy  Rain 
Torrential  Rai 


Rain  Gush 


N(A) 

Rmin 

mm.  hr.’1 

-:3 

ft. 

10 

11.5 

32 

50 

34.7 

22 

100 

54.8 

19 

Pi  cussion  and  Conclusion 

1.  Because  of  the  unique  propagation  char¬ 
acteristics  of  positive  streamers  the  growth 
of  such  a  system,  we  suggest,  is  a  pre¬ 
requisite  for  a  breakdown  triggered  by  an 
isolated  conductor  such  as  an  aircraft.  The 
propagation  is  essential  for  the  provision  of 
the  necessary  breakdown  energy  whilst  the 
relatively  low  density  of  the  available  el¬ 
ectrostatic  energy  implies  nat  the  streamer 
range  may  be  substantial  (i... .  tens  or  hun¬ 
dreds  of  meters).  Although  the  estimates 
made  of  the  minimum  range  are  subject  to 
large  errors  based  as  they  are  on  crude 
assumptions,  extrapolation  of  small  gap  data 
and  an  imprecise  knowledge  of  the  physical 
processes  involved,  the  concept  of  a  minimum 
range  remains,  nonetheless,  plausible. 

2.  It  seems  unlikely  that  thundercloud 
electric  fields  achieve  magnitudes  much  in 
excess  of  the  streamer  stability  field;  the 
much  favoured  concept  of  the  existence  of 
pockets  of  high  field  must  be  ruled  out  on 
fundamental  grounds.  In  these  circumstances 
the  energy  input  which  results  from  streamer- 
droplet  interactions  may  well  be  crucial  in 
triggering  a  breakdown.  Thus  a  dependence  of 
the  breakdown  on  the  precipitation  rate  with¬ 
in  a  cloud  may  exist  where,  generally,  the 
larger  precipitation  rates  require  smaller 
cloud  volumes  in  which  the  ambient  field 
exceeds  the  streamer  stability  field. 

3.  The  largest  ambient  fields  will  be  lo¬ 
cated  at  the  periphery  of  the  negative  (or 
positive)  space  charge  volume  and  it  is  here 
that  the  streamers  are  most  likely  to  orig¬ 
inate.  If  the  field  falls  below  the 
stability  level  before  the  minimum  range  is 
achieved,  the  breakdown  would  not  materialise 
but  a  number  of  droplets  or  hydrometeors 
would  be  left  carrying  the  positive  streamer 
tip  charge.  This  may  explain  the  measure¬ 
ments  of  Christian  (1983)  who  found  a  small 
number  of  graupel, particles  with  an  average 
charge  of  2.9xl0-  °C  in  the  negative  region 
of  a  thundercloud  where  particle  charge  was 
an  average  -3.7xlO-ilC.  The  positive  charge 
is  typical  of  a  streamer  tip  charge  values. 

4.  The  energy  estimates  have  been  based  on 
a  single  positive  streamer  system.  In  pract¬ 
ice  the  systems  are  repetitive  at  a  frequency 
of  "IkHz  so  that,  provided  the  ambient  field 
is  not  reduced  below  the  stability  level, 
several  systems  may  contribute  to  the  total 
energy  available  with  a  corresponding  red¬ 
uction  in  the  range.  At  a  speed  of  500mph  an 
aircraft  moves  only  "25cm  in  the  time  in¬ 
terval  between  each  system  so  that  the  pos¬ 
ition  of  the  potential  breakdown  channel, 
which  is  most  probably  located  adjacent  to 
the  aircraft  at  the  base  of  the  streamer 
system,  is  little  changed  allowing  the  energy 
input  to  be  cumulative. 

5.  If  positive  streamers  are  indeed  a  pre¬ 
requisite  for  a  triggered  breakdown,  as  sugg¬ 
ested  here,  then  inhibiting  their  production 
should  prevent  the  breakdown  and  thus  offer 
the  aircraft  some  form  of  corona  protection. 
Stabilising  the  positive  glow  corona  mode 
(Bicknell  1984)  may  be  a  means  of  achieving 
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this  desirable  result. 
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Abstract  -  Previous  calculations  have  shown  that  the  VHF-UHF  radiation  of  lightning  would  be  associated 
to  the  transient  arc  phase  of  breakdown  of  the  air  at  atmospheric  pressure.  Current  evolution  can  be 
described  through  the  classical  laws  of  the  air  conductivity  variation  during  the  transient  arc,  with  the 
electric  field  in  the  breakdown  zone  as  principal  parameter.  A  first  calculation  of  the  radiated  field 
based  on  a  constant  electric  field  during  the  breakdown  and  a  constant  length  of  the  radiating  zone  re¬ 
vealed  to  be  in  good  agreement  with  the  experiment. 

A  more  complete  calculation  is  presented  here:  it  is  based  on  the  resolution  of  the  discharge  propagation 
equation  and  thus  allows  a  point  by  point  representation  of  the  conductivity  evolution  of  the  plasma.  The 
results  are  in  the  form  of  the  temporal  and  spatial  variation  of  the  current  in  the  breakdown  zone  and 
lead  to  the  calculation  of  the  electromagnetic  field. 

Comparisons  between  this  model,  laboratory  discharge  and  lightning  will  be  discussed. 


I  -  INTRODUCTION 

Research  or.  electromagnetic  interference  due  to 
lightning  is  based  on  a  large  quantity  of  in-situ 
measurements  of  the  level,  spectral  content  and 
time  history  of  the  emitted  radiation  and  on  a  fair 
knowledge  of  the  physical  processes  leading  to 
lightning  propagation. 

Since  1978,  ONERA  has  undertaken  a  series  of  exper¬ 
iments  to  analyse  the  triggering  and  propagation 
mechanisms  of  discharges  along  a  dielectric  surface. 
These  discharges  present  numerous  analogies  with  the 
precursors  of  natural  lightning  (current,  propa¬ 
gation  velocity,  plasma  properties). 

The  study  of  these  discharges  has  shown  up 
triggering  mechanisms  followed  by  sharp  current 
variations  which  may  be  the  main  source  of  VHF-UHF 
radiation. 

In  comparison,  wideband  measurements  of  natural 
lightning  have  shown  the  pulse  nature  of  this  radi¬ 
ation.  The  basic  assumption  of  our  analysis 
associates  these  pulses  to  the  fast  rising  front  (a 
few  ns)  of  the  ionization  process  brought  into  play 
by  the  streamer-leader  transition. 

A  simplified  calculation  of  the  radiated  field 
during  discharge  triggering  can  be  made  by  studying 
the  case  of  static  breakdown;  this  assumes  a  con¬ 
stant  emissive  component  length,  conservation 
current  on  the  interval  and  a  constant  electric 
field.  The  model,  based  on  the  laws  governing  the 
development  the  medium's  conductivity  at  transition, 
has  enabled  a  first  approach  to  the  problem  and 
producea  values  of  the  maximum  radiated  field  that 
are  compatible  with  experiment. 

A  study  carried  out  in  a  dynamic  configuration 
(creation  and  propagation  of  the  transient  arc  zone 
producing  the  radiation)  requires  calculation  of  a 
space-time  profile  of  the  current  during  transition 
to  the  arc.  A  model  was  developed  for  the  surface 
discharge  experiments. 

Ue  shall  detail  the  assumptions  and  the  calculation 
method  along  with  its  application  to  modellzatlon  of 
the  radiated  field  in  this  paper. 


II  -  SHOWING  UP  THE  ROLE  OF  THE  TRANSIENT  ARC  - 
CALCULATION  USING  STATIC  APPROXIMATION 

11. 1  Experimental  results 

The  TRIP  82  and  TRIP  83  (Thunderstorm  Research 
International  Program)  experiments  carried  out  in 
the  United  States  included  study  of  lightning  re¬ 
lated  electromagnetic  radiation  using  wideband 
systems  (600  MHz).  The  measurements  made  showed  up 
very  short  rising  front  pulses  (2  to  5  ns)  for  peak 
values  included  between  30  and  350  mV/m  (see  Fig.  1) 
{!].  These  pulses  are  detected  at  the  very  beginning 
of  storm  activity  and  follow  in  succession  at  a  rate 
of  1  to  20  per  microsecond. 

The  pulse-like  characteristic  of  the  radiation 
observed  in  wideband  has  been  reported  by  several 
authors  (2-4)  and  Proctor  [4]  has  stated  that  radio 
noise  of  thiB  type  detected  during  the  various 
phases  of  the  flash  are  probably  related  to  the 
ionization  processes  of  virgin  air. 

11. 2  Basic  Assumption  -  The  Function  of  the  Transi¬ 
ent  Arc 

Experiments  carried  out  at  ONERA  on  sparks  along  a 
dielectric  surface  (5,  6]  showed  up  a  phase  of  dis¬ 
charge  development  forming  the  transition  between  a 
preionization  zone  (streamer)  and  the  conducting 
channel.  This  phase  of  strong  ionization,  called  the 
transient  arc,  involves  very  fast  current  variations 
(on  the  order  .  f  a  10  ns  rising  front)  which  can  be 
associated  with  the  pulse-like  VHF-UHF  radiation 
s  tud led  here  [ 1 ] . 

11.3  Current  Calculation  in  the  Transient  Arc  Phase 
The  simplified  model  we  shall  present  first  consists 
of  the  evolution  of  the  current  l(t)  and  calculating 
of  the  electromagnetic  field  radiated  during  static 
breakdown,  l.e.  by  assuming  current  conservation 
over  the  entire  breakdown  zone  and  a  constant  value 
for  the  electric  field. 
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A  theoretical  calculation  made  by  Rompe  and  Weizel 
[7]  enables  an  approach  to  the  development  over  time 
of  the  conductivity  of  a  plasma  created  in  air  at 
atmospheric  pressure,  assuming  that  all  the  electric 
energy  produced  goes  into  ionization.  This  assump¬ 
tion  is  expressed  by  the  following  energy  equation: 

—  (  ne  (_2k  Te  +  R  <t>  *  )  )  *  J  •  E 
dt 

rie,  Te  :  electronic  density  and  temperature, 

<}k  :  ionization  potential  of  the  atom  con¬ 
sidered, 

j  :  current  density, 
k  :  Boltzman  constant. 

With  y  the  electronic  mobility,  conductivity 
r  •  righgO  obeys  the  following  differential  equation: 


The  transient  arc  formation  time,  Tmax,  is  expressed 
as: 


Tmax 


Log 


imax 

i 

o 


For  a  peak  current  of  1000  A  and  a  current  i0  in¬ 
cluded  between  10“ 7  and  1  A,  the  value  of  Tmax 
varies  from  10  to  30  ns  (taking  EQ  -  25  kV/cm, 
breakdown  field  in  atmospheric  air).  The  general 
expression  of  the  electromagnetic  field  Erad  radi¬ 
ated  at  a  distance  R  by  the  current  component  of 
length  5  orientated  along  axis  Ox  is: 


sin  0 

Erad  =  — — 
(t)  ATI  E  RC  2 

'  '  O 


dx 


({  k  Te  ♦  e 


pee 


Given  the  previous  assumptions  and  assuming  the 
current  conservation  i(t)  along  length  6 : 


and 


r2(t)  =  2a  [  j2  (U)  du 

rv 


with  A 


lio  e 


o  (  4-  k  Ts  ♦  e  <t>^ ) 


p  :  atmospheric  pressure  in  atmospheres. 

At  atmospheric  pressure,  for  $  ^  -  15  V  and  e  ■ 
4. 10“ 2  n^V-^s-1.  The  theoretical  value  of  coef¬ 
ficient  A  is  2.5x10  ~3  atm.m2  .s-1  V -2.  Experimental 
verification  of  this  law  [8]  by  interelectrode 
breakdowns  showed  that  the  conductivity  of  the 
medium  followed  this  law  provided  an  ionization 
coefficient  A  »  5. 10  ~  5mJs- 1  V-2atm.  is  introduced. 
We  shall  use  A  in  the  rest  of  the  calculation  as  a 
phenomenological  coefficient,  without  trying  to 
deduce  its  physical  meaning. 

The  evolution  of  the  resistance  as  a  function  of 
time  of  a  channel  of  length  6  through  which  a 
current  l(t)  flows  is  written  as: 


RU.t) 


■t 

i 

2A 


i 2 ( u )  du 


Furthermore,  in  the  static  case  (typically  the  case 
of  interelectrode  breakdown  with  a  field  E0  Imposed 
by  an  outside  circuit),  current  development  is  as 
follows: 


i|ti»  E 


1 

(u)  dul 


i 
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io  represents  the  current  produced  by  corona  predis¬ 
charge  mechanisms  which  we  shall  not  describe  here. 
For  l(t)  »  i»: 


i(t)rio  exp 


AE« 
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Erad 
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6 

ATT  E  RE7 
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The  value  of  length  6  is  given  as  a  first  approxi¬ 
mation  by  the  relation  6  »  vTmax,  where  v  is  the 
spark  propagation  velocity  (typically  for  a  flash 
precursor:  v  -  5.10s  m/s  hence  6  is  around  a  cm). 

For  t  >  Tmax,  the  transient  arc  zone  is  formed  and 
the  characteristic  current  imax  of  the  propagation 
is  reached.  We  shall  assume  that  in  propagation,  a 
zone  exists  before  discharge,  whose  geometry  remains 
constant  and  which  follows  the  same  laws  as  the  arc 
channel.  Since  this  ionization  front  is 
nondeformable,  current  l(x,t)  during  propagation 
does  not  depend  explicitly  on  time.  Equation  (7) 
becomes: 


Erad  ( t) 


1 


ATI  E  RE2  3x 

°  J 


9x 

-  dx 

3t 


i 

Erad  (t)  .  - -  v  fii 

ATT  E0  RE2 


where  Ai  ■  imax  -  lo  represents  the  total  variation 
of  current  on  the  gradient  zone.  The  assumption  of  a 
quasi  nondeformable  front  in  propagation  would  indi¬ 
cate  that  the  spectral  content  of  Erad  is  of  low 
f  requency. 

The  peak  value  of  the  radiated  field  during  the 
transient  arc  phase  is  around  40  mV/m,  for  a  current 
imax  •  1000  A  end  an  obaervetlon  range  R  •  10  km. 
The  pulse  r  se  time  described  by  equation  (8)  is  4 
ns,  this  velue  is  compatible  with  the  measurements. 
The  spectral  densities  celculated  by  this  method  are 
coherent  with  the  Pierce  synthetic  curve  (Fig.  2). 
The  description  of  the  trenslent  ere  triggered  here 
corresponds  to  a  stetlc  breakdown,  the  current  is 
assumed  to  be  conservative  over  the  full  gradient 
zone  whose  length  is  set  et  its  terminal  value 
0  ■  vTmax  without  prejudicing  -the  dynamic  espect  of 
front  formation. 

Implementation  of  e  more  accurate  calculation  would 
assume  knowledge  of  profiles  l(x,t)  in  the  transient 
arc  zone  end  calculetion  of  field  E  development. 
Development  of  e  dynamic  model  will  be  based  on  a 
theoreticel  approach  of  transition  to  arc  from  a 
spark  along  e  dielectric  surfece. 
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III  -  THEORETICAL  STUDY  OF  THE  TRANSIENT  ARC 

111. 1  Surface  Discharge 

Experiments  carried  out  at  ONERA,  since  1978,  in¬ 
volve  experimental  and  theoretical  study  of  dis¬ 
charges  propagated  through  the  air  along  a  dielec¬ 
tric  surface  under  the  effect  of  a  voltage  pulse  of 
around  100  kV  [5].  The  corresponding  experimental 
device  diagram  is  given  in  figure  3. 

Analysis  of  the  current  at  a  point  of  discharge  and 
high  performance  optical  'nstrumentation  (time  re¬ 
solved  spectroscopy,  holographic  interferometer) 
have  shown  up  the  various  phases  of  discharge  devel¬ 
opment  (Figs  4  and  5). 

It  should  be  emphasized  that  the  peak  current 
characteristic  values  (around  one  hundred  amperes), 
propagation  speed  (10s  to  10s  m/s)  and  plasma  de¬ 
scriptive  parameters  (T  •  25000  K  in  the  discharge 
channel  [9])  provide  the  ground  for  significant 
analogies  between  surface  discharge  and  the  precur¬ 
sor  of  natural  lightning. 

Modelling  of  the  transient  arc  zone  which  exists 
between  the  leader  predischarge  and  the  conducting 
channel  (aee  Fig.  5)  is  of  twofold  Interest:  it 
enables  interpretation  of  the  experimental  laws  of 
velocity  and  current,  and  provides  the  necessary 
source  terms  for  calculation  of  the  radiated 
electromagnetic  field  under  the  hypothesis  developed 
in  Part  1 . 

111. 2  Transient  Arc  Zone  Modelling  [10] 

Experimental  study  of  discharges  provides  an  esti¬ 
mate  of  potential  distribution  V (x)  along  the  propa¬ 
gation  axia  (see  Fig.  4).  The  calculation  described 
herein  enables  to  predict  the  evolution  of  the 
potential  at  all  points  up  to  the  stationary  profile 
given  in  figure  4.  The  model  is  based  on  the 
following  assumptions. 

i  )  The  entire  profile  is  nondeformable  during 
propagation  as  shown  by  the  photographs,  figure 
5. 

il  )  The  initial  state  of  the  system  before  the 
transient  arc  phase  can  be  described  as  a  pre- 
lonlzatlon  phase  characterized  by  a  constant 
field  E0  •  11.2  kV/cm  and  producing  a  weak 
capacitive  current  lo  such  that: 


Moreover,  the  condition  of  non  deformability  of  the 
wavefront  implies  the  following  condition: 

V(x,t)  --  V  ( t  —  ) 

v(t) 

Resolution  of  the  equation  system  (11)  to  (14)  re¬ 
sults  in  the  current  and  potential  profiles  during 
transient  arc  formation  (Fig.  6).  Since  the  field  in 
the  conducting  channel  is  very  weak  (E  Z  200  V/cm) 
it  can  be  assumed  that  the  transition  zone  is  fully 
formed  when  the  total  potential  available  (V0  -  Vs: 
figure  4)  is  equal  to  the  drop  in  voltage  at  the 
transient  arc  terminals. 

Figure  7  allows  comparison  of  the  experimental  and 
theoretical  current  profiles  in  X  ■  0.  In  accordance 
with  the  experiment,  the  current  rise  time  value 
10  X-90  Z  is  a  constant  of  around  8  ns,  independent 
of  the  voltage  or  the  capacity  of  the  line.  This 
value  Tmax  only  depends  on  the  law  of  conductivity 
applied  to  the  plasma's  development  over  time. 

This  model,  which  provides  predicted  values  of  peak 
current  and  propagation  speeds  consistent  with  the 
experimental  results,  also  permits  the  prediction  of 
the  time  history  of  the  electric  field  in  the 
transition  area.  According  to  these  results,  E 
establishes  Itself  very  rapidly  (in  1  to  2  ns)  at  a 
mean  value  of  25  kV/cm,  or  approximately  at  the 
breakdown  field  in  air  at  atmospheric  pressure.  It 
would  also  appear  that  the  current  rise  time  is 
independent  of  the  local  capacitance  Introduced  into 
the  linear  equation.  Hence,  the  temporal  width  of 
the  transient  arc  phase  only  depends  on  the  coef¬ 
ficient  appearing  in  the  Rompe  and  Uelzel  law 
(equation  2). 

rfe  have,  therefore,  shown  that  the  Rompe  and  Welzel 
law  provides  an  adequate  description  of  the  tran¬ 
sition  phase  common  to  both  interelectrode  breakdown 
and  discharge  along  a  dielectric  surface.  The  appli¬ 
cation  of  the  model  developed  for  surface  discharge 
to  the  calculation  of  a  field  radiated  by  an  anal¬ 
ogous  discharge  propagating  in  the  air  seems  poss¬ 
ible  to  the  extent  that  the  space-time  development 
of  the  emissive  zone  does  not  depend  on  the  local 
capacitance  of  the  system. 

IV  -  APPLICATION  OF  THE  RADIATED  FIELD  CALCULATION 
MODEL 


C  :  linear  capacity  of  the  dielectric  plate, 
v  :  spark  propagation  velocity, 
lo:  leader  zone  length. 

ill)  The  transient  arc  can  be  described  using  the 
Rompe  and  Welzel  law  giving  the  resistance  per 
unit  length  R(x,t): 


The  exact  shape  of  the  field  radiated  by  a  current 
component  of  length  3(t)  is  given  by  equation  (15): 


E  r  art  * 

(t) 
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2 A  ^  1 2  ( u )  du 

The  single  dimensional  description  of  the  spark 
along  the  propagation  axis  Ox  allows  the  application 
of  the  classic  propagation  equation: 


i  a2  v 
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du 
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3  V 

_  r  _ 

r  a  * 2 
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a* 

a* 

3 1 

The  formal  structure  developed  in  Part  3  allows 
calculation  of  che  component  (3i/3x)  (3x/3t),  which 
does  not  appear  in  the  static  model,  and  the  real 
developement  of  length  5  (t)  of  the  emissive 
element. 

Figure  8a  shows  the  time  history  of  current  l(t)  at 
a  point  in  the  transient  arc  zone;  the  propagation 
current  was  assumed  to  be  constant  and  equal  to  the 
value  of  lmax  defined  previously  for  the  first 
approximation. 

Figure  8b  reproduces  the  associated  radiated  field 
shape  for  an  observation  range  R  •  10  km  and  a  cur¬ 
rent  imax  ■  100  A. 
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The  dynamic  model  confirms  that  the  VHF-UHF  radi¬ 
ation  corresponds,  under  our  assumption,  to  the 
transient  arc  formation  phase  and  not  to  the  later 
stationary  propagation.  The  rise  time  10  X-90  %  of 
the  pulse  (T  *  4.5  ns)  and  the  peak  value  of  the 
radiated  field  for  R  -  10  km  (for  lmax  ■  1000  A, 
Epeak  ■  50  mV/m)  are  compatible  with  experimental 
data. 

The  radiated  field  calculated  using  the  dynamic 
model  does  not  differ  significantly  from  the  field 
calculated  In  static  approximation  until  propagation 
current  Is  well  over  1000  A  (Fig.  9). 

A  comparison  of  Interest  Is  that  of  the  normalized 
spectral  densities  (frequency  band:  0-400  MHz) 
obtained  from  the  two  models  (Fig.  10).  The 
correction  made  by  the  dynamic  model  is  relatively 
Insignificant  In  the  spectral  range  considered  here, 
which  Is  suggested  by  the  relatively  good  match  of 
the  static  model  with  the  Pierce  synthetic  curve 
(Fig.  2). 

V  -  CONCLUSION 

Ue  have  assumed  that  the  pulses  observed  In  the 
VHF-UHF  bands  at  the  beginning  of  storm  activity  can 
be  associated  with  a  transient  arc  phase  common  to 
various  types  of  breakdown  In  air  at  atmospheric 
pressure.  We  have  shown  that  the  Rompe  and  Welzel 
conductivity  law  provides  a  satisfactory  description 
of  the  strong  Ionization  phase  during  the  formation 
of  a  discharge  along  a  dielectric  surface.  The 
development  of  the  transient  arc  only  depends  on  the 
Rompe  and  Welzel  coefficient  and  not  on  local 
Initial  conditions. 

Description  of  the  phenomenon  by  a  static  model 
representing  Interelectrode  breakdown  leads  to 
results  similar  to  those  obtained  from  a  dynamic 
model  describing  breakdown  zone  propagation  of 
surface  discharge.  The  Introduction  of  an  additional 
propagation  equation  In  the  latter  case  enables 
calculation  of  the  field  value  In  the  transient  arc 
field  (E  ~  25  to  30  kV/cm)  as  well  as  the 
development  over  time  of  the  emissive  element 
length. 
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FLOATING  ELECTRODE 


g.  1  -  Characteristic  signal  of  pulses  recorded  In 
wideband  (600  MHz). 
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Fig.  3  -  Experiment  device. 

The  insulating  support  consists  of  an 
approximately  1  mm  thick  plexiglass  plate, 
a  narrow  (width  1.5  cm)  metal  strip  Is 
located  behind  the  plate.  The  plate  Is 
brought  up  to  high  voltage  by  a  Ion  gener¬ 
ator  comb.  The  floating  electrode  Is  then 
brought  down  Bharply  to  zero  potential  by  a 
pressurized  burster.  Since  an  Intense  elec¬ 
tric  field  occurs  near  the  electrode,  the 
sliding  spark  propagates  from  the  top  to 
the  bottom  of  the  plate  guided  by  metal 
strip. 


•1 


Comparison  of  the  calculated  spectral  den¬ 
sities  with  the  Pierce  synthetic  curve. 


Fig.  4  -  Current  measured  on  the  electrode  by  a 
Rogowski  coil,  response  time  T  -  4  ns. 
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Experimental  profile 


-  Comparison  of  theoretical 
profiles  associated  with 
(current  measured  and 
X  -  0). 


and  experimental 
the  transient  arc 
calculated  In 


Fig.  9  - 


Comparison  of  the  radiated  field  peak  value 
(r  -  10  km)  calculated  using  both  methods. 


Current  front  1(0  at  a  given  point  In  X 
Sd  associated  radiated  field  (Propagation 
current  Lax  -  100  A;  observation  range 


Fi.  10  -  Ratio  of  spectral  densities  normalised  a 
FU  continuum  for  both  models  (sampling  fre 

quency:  2  CHr;  Imax  -  100  A). 
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Abs tract  -  Two  triggered  lightning  experiments  were  performed  in  1983  and  1984  in  Florida,  USA.  The  trig¬ 
gering  system,  rocket  and  wire,  used  a  new  technical  arrangement  which  distinguishes  it  from  systems  used 
by  French  researchers  since  1973.  The  flashes  triggered  with  this  new  technique  have  properties  which  are 
somewhat  different  from  those  of  flashes  obtained  with  the  former  systems;  in  this  paper,  we  will  discuss 
the  respective  influence  of  triggering  site  and  triggering  system  on  the  behavior  of  flashes. 


1  -  INTRODUCTION 

Cloud-to-ground  lightning  flashes  may  be  triggered 
by  the  fast  ascent  of  a  wire  in  a  high  electric 
field  between  a  storm  cloud  and  the  ground.  This 
method  suggested  by  Brook  et  al.  (1961)  was  first 
applied  above  sea  by  Newman  (1965).  The  technique 
was  greatly  Improved  by  French  experimentalists  who 
have  studied  triggered  lightning  above  ground  since 
1973. 

Since  1973,  triggering  experiments  had  been  carried 
out  with  different  technical  devices  and  in  various 
places  by  Japanese  (Horii, 1982),  American  (Stueberg, 
1983)  and  French  (Sparg,  1982;  Hubert,  1984) 
experimentalists,  the  latest  experiment,  as  far  as 
we  know,  having  taken  place  at  Kennedy  Space  Center, 
Florida  (Eybert  et  al.,  1985). 

Triggered  flash  behaviour  may  be  vary  greatly  from 
one  case  to  another,  but  the  results  of  the  83  and 
84  experiments  indicate  typical  flash 
characteristics.  Significant  modifications  in  the 
properties  of  the  triggering  devices  had  been  made 
two  years  ago  and  their  Influence  on  flash  behaviour 
is  open  to  question.  Obviously,  the  most  determining 
factor  in  the  occurrence  of  a  triggered  flash  is  the 
storm  Itself  and  the  aims  of  this  paper  is  to 
discuss  the  respective  influence  of  those  two 
parameters. 

After  a  short  presentation  of  general  results  of  83 
and  84  Florida  experiments,  we  will  describe  the 
technical  features  of  the  two  principal  triggering 
devices  used  from  1973  to  1984. 

Ue  will  then  provide  data  on  the  measurements  made 
at  various  sites  in  France  and  in  New  Mexico  and 
describe  the  basic  phenomena  of  triggered  flashes. 
Finally,  we  will  discuss  differences  In  phenomena  in 
terms  of  the  effects  of  the  triggering  site  and 
triggering  device  properties. 

2  -  GENERAL  BEHAVIOUR  OF  A  TRICCERED  FLASH 
Positive  upward  leader  development 

Most  of  the  flashes  triggered  in  France  and  USA  are 
initiated  by  the  upward  propagation  of  a  positive 
leader.  A  few  flashes  with  positive  polarity  had 
been  obtained  (Kerebel,  Hubert,  1979)  and  in  some 
cases  the  current  became  positive  during  the  flash 


(Hubert  et  al.,  1984,  Walteufel  et  al.,  1980). 

During  the  ascent  of  the  wire  (figure  1),  isolated 
pulses  of  less  than  1A  and  width  less  than  1  ns,  are 
observed.  These  correspond  to  positive  streamers 
propagating  from  the  wire  tip.  The  velocity  of  the 
positive  streamer  may  be  between  a  few  105  m.s'1  to 
a  few  10Bm.s"1  (Bicknell,  1984,  Golde,  1977).  The 
time  interval  between  pulses  may  range  between  10  ms 
and  100  ms;  in  the  case  of  figure  5  it  is  about  25 
ms  and  corresponds  to  a  wire  displacement  of  5  m. 
Frequently,  the  pulse  size  increases  over  time. 

The  current  from  the  last  pulse  does  not  go  back  to 
zero  and  we  observed  the  onset  of  an  upward  leader 
corresponding  to  a  continuous  negative  current.  The 
velocity  of  the  leader  may  range  from  a  few  lO^m.s'1 
to  a  few  lCfm.s-1  (SPARG,  1980,  P.  Hubert,  1978). 
This  occurs  when  the  wire  tip  has  reached  an 
altitude  of  100  m  to  600  m  AGL;  the  current 
collected  at  the  flash  foot  when  the  wire  melts  is  a 
few  tens  of  amperes. 


Continuous  current  process 

A  continuous  current  ranging  from  a  few  hundreds  to 
a  few  thousands  of  rmperes,  and  correspono'ng  to  a 
continuous  illumination  of  the  channel,  occurs  in 
most  triggered  flashes.  This  process  may  follow  the 
upward  leader  or  may  appear  after  the  occurence  of 
downward  leader-return  stroke  processes.  The 
negative  charge  lowered  to  the  ground  by  the 
continuous  current  process  is  large  (few  tens  of 
Coulombs)  and,  in  most  cases,  much  greater  than  the 
charge  lowered  by  the  return  strokes  of  the  same 
f lash. 


Downward  leader-return  stroke  process 
This  process  is  similar  to  those  observed  in 
downward  cloud-to-ground  natural  flashes.  It 
consists  of  the  downward  propagation  of  a  stepped 
leader  or  of  a  dart  leader,  the  short  ascent  of  a 
junction  leader  and  the  propagation  in  the  channel 
of  ground-to-cloud  current  wave.  Properties  of 
subsequent  return  strokes  in  natural  and  triggered 
lightning  are  quite  similar  (P.  Hubert  et  al. , 
1984). 
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Different  kinds  of  triggered  flashes 
Depending  on  the  overall  triggering  conditions,  we 
may  obtain  the  following  kinds  of  events 
corresponding  to  different  succession  of  the  above 
processes. 

Type  A:  The  flash  begins  with  a  continuous  current 
process  corresponding  to  the  development  of  a 
positive  discharge;  the  process  may  last  a  few 
hundreds  of  Billiseconds.  The  melting  of  the  wire  is 
visible  through  a  typical  fluctuation  of  the  current 
(figure  2).  It  should  be  noted  that  regarding  the 
low  frequency  current  at  the  foot  of  the  flash  there 
Is  no  distinction  between  the  upward  leader  process 
and  the  continuous  process.  The  electrical  charge 
lowered  to  ground  does  not  directly  neutralize  the 
charge  of  storm  clouds;  as  pointed  out  by  Vonnegut 
(1981),  It  corresponds  to  the  charge  displaced  b/ 
the  breakdown  of  an  air  medium  where  a  high  electric 
field  exists. 

During  the  continuous  process  or  afterwards,  the 
leader  return  stroke  process  may  be  observed. 

Type  B:  (figure  9).  After  the  onset  of  the 
propagation  of  a  positive  leader,  the  melting  cause 
the  current  to  go  to  zero  and  we  have  to  wait  few 
tens  of  milliseconds  to  observe  a  downward  leader 
(stepped  or  dart)  which  the  lower  part  generally 
follows  the  branches  of  the  upward  leader;  when  It 
approaches  the  ground  a  return  stroke  occurs.  The 
flash  carries  on  with  several  return  strokes  and 
often  with  a  continuous  current  process. 

In  the  case  of  an  unsuccessful  1  triggering  attempt, 
we  may  only  observe  an  Incomplete  development  of 
upward  leader;  the  corresponding  current  signal  is  a 
pulse  lasting  a  few  tens  of  milliseconds  with  an 
intensity  of  a  few  tens  of  Amperes  (figure  2). 

3  -  GENERAL  RESULTS  OF  THE  83  AND  84  FLORIDA 
EXPERIMENTS 

A  Joint  experiment  on  triggered  lightning  was  made 
during  the  summer  of  83,  20  km  south  of  Melbourne, 
Florida  (Barret,  Eybert,  1984).  The  objectives  of 
the  experiment  were  to  characterize  natural  and 
triggered  lightning  and  measure  electromagnetic 
Interactions  between  triggered  flashes  and  an 
Instrumented  cylinder  simulating  an  aircraft 
fuselage  (Richmond,  1984).  Twenty  flasl  :s  were 
iflRgcfed  In  seven  different  storms.  The  keraunlc 
level  of  Florida  Is  very  high  but  storms  occur 
preferentlaly  in-land  and  seldom  reach  the  coast 
(the  triggering  site  was  10  km  west  of  the  coast 
line).  Nevertheless,  the  events  were  numerous  enough 
to  obtain  successful  experiments  with  a  high  ratio 
of  efficiency  (66Z). 

Different  measurements  on  the  electrical  properties 
of  flashes  were  made  but  the  most  relevant,  for  our 
purpose,  Is  the  measurement  of  the  current  at  the 
foot  of  the  triggered  flash.  This  was  done  with  a 
coaxial  resistive  shunt  with  a  resistance  of  one 
mllllohm  of  80  ns  time  constant,  installed  on  the 
top  of  a  double  Faraday  rage  containing  an 
electronic  conditioner.  Current  signal  was  processed 
by  fiber  optic  links  and  recorded  In  a  shielded 
command  shelter,  some  SO  m  away  from  the  launching 
pad.  The  main  characteristics  of  current 

measurements  are: 
bandwidth:  DC  to  30  MIlz. 

Range:  +  60  ICA  over  80  dB  dynamic  range  obtained  by 
a  log  amplifier. 

All  the  flashes  began  by  a  continuous  current 
component;  one  of  them  exhibited  a  current 
Inversion:  It  became  positive  after  3S0  as  of 
negative  continuing  current.  The  last  flash  was 
triggered  In  altitude  by  unspooling  a  conductive 
wire  100  m  above  ground.  The  table,  figure  3,  gives 


general  data  on  the  triggered  flashes. 

The  Florida  84  experiment  was  made  at  the  Kennedy 
Space  Center  (50  km  north  of  the  83  experimental 
site).  NASA,  USAF  and  several  laboratories  of  US 
universities  were  Involved  In  the  experiment;  CEA 
and  0NERA  were  involved,  respectively,  with 
triggered  lightning  and  In  flight  lightning 
measurements  (Eybert  et  al.,  1985;  Rustan,  Moreau, 
1985).  An  unusual  low  occurence  of  storms  was 
observed  in  summer  84  and  consequently  we  only 
obtained  eight  triggered  flashes  in  three  different 
storms . 

The  current  measuring  device  was  similar  to  the  one 
used  In  83,  but  Its  performance  was  significantly 
increased: 

Range:  +  100  kA 
Threshold  level:  <  1A 
Bandwidth:  DC  to  20  MHz 

Coaxial  shunt:  10“3 0 (+  1Z)  with  s  50  ns  time 
constant. 

Fast  components  of  the  signal  were  displayed  on  a 
100  MHz  bandwidth  oscilloscope  whose  screen  was 
filmed  with  a  35  mm  streak  camera  (30  Hz  -  20  MHz 
channel).  An  Intermediate  frequency  linear  channel 
(DC  to  1  MHz)  was  displayed  on  the  same  kind  of 
device  but  with  a  lower  sensitivity  to  record  the 
highest  pulses.  High  frequency  linear  and 

logarlthmical  frequency  channels  were  recorded  on  a 
magnetic  analog  recorder,  with  a  DC  -  60  kHz 

bandwidth. 

The  general  behaviour  of  the  flashes  recorded  In  84 
Is  quite  similar  to  those  triggered  in  83.  They  are 
all  negative  and  begin  by  a  continuous  current. 
Table  on  figure  4  gives  the  general  characteristics 
of  the  flashes. 

Main  characteristics  of  the  83  and  84  results 
The  general  characteristics  of  83  and  84  triggered 
flashes  are  rather  similar  to  those  of  flashes  ob¬ 
tained  previously.  Nevertheless,  we  have  evidence  of 
rystematlc  differences  regarding  current  due  to  the 
upward  leader  and  type  of  the  flash. 

The  Initial  current  rate,  corresponding  to  the  pro¬ 
pagation  of  the  upward  leader  Is  slgnlf lcanlty 
higher  for  83  and  8o  flashes  thin  for  others  as 
Illustrated  by  figure  5. 

Almost  all  the  triggered  flashes  are  type  A.  They 
begin  with  a  continuous  process  and  end  with  one  or 
several  return  strokes.  The  83  and  84  experiments 
were  conducted  on  new  sites  with  a  new  triggering 
system  (LRS).  Ue  will  now  examln  the  respective 
Influences  of  the  triggering  site  and  of  the  trig¬ 
gering  system  on  flash  behavior. 

4  -  TRIGGERING  SYSTEM  INFLUENCE 

Description  of  the  triggering  device 
.  Classical  device  (figure  6) 

This  sys.em  basically  consists  of  a  spool  of  wire 
Installed  at  ground;  its  lower  end  Is  connected  to 
the  current  measuring  system.  The  upper  end  Is 
mechanically  connected  to  the  rocket  with  a  two- 
meter  long  Insulating  and  elastic  cap.  This  system 
was  used  by  French  experimentalists  everywhere,  with 
minor  changes  until  the  83  and  84  Florida  exper¬ 
iments.  The  wire  Is  made  of  steel  and  Is  0.18  mm  In 
diameter;  it  Is  protected  by  cotton.  The  bottom  of 
the  spool  is  made  of  a  dielectric  material  and  a 
aluminium  bond  cylinder  covers  the  spool  to  enable 
correct  unspooollng  of  the  wire  which  passes  through 
a  collecting  ring  about  30  cu  above.  A  full  spool 
has  a  total  length  at  about  3  km  and  an  inductance 
at  1000  Hz  of  about  3  H;  the  linear  resistance  of 
the  wire  Is  8ft/m. 

The  weight  of  the  rocket  and  attachment  system  Is 
2.7  kg. 
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.  Lightning  Rocket  System  (LRS  -  Barret  -  Eybert  83) 
The  spool  of  wire  is  attached  to  the  fin  of  the 
rocket  (figure  7).  The  lower  part  of  the  wire  is 
connected  to  the  measuring  system.  The  wire  is  made 
of  copper;  it  is  0.2  mm  in  diameter  and  is  coated 
with  Kevlar.  For  ground  triggering  experiment,  the 
spool  contains  700  m  of  wire.  For  "altitude" 
triggering  equipment,  the  first  part  of  the  spool  is 
dielectric  (adjustable  from  0  to  300  m) .  The  linear 
resistance  of  the  wire  Is  0.45  fi/m;  the  overall 
inductance  of  the  spool  is  350  m  H  at  1000  Hz. 

The  weight  of  the  LRS  is  2.5  kg  including  the  spool 

(200  g). 

.  Main  differences  between  the  two  systems 
The  electrical  properties  of  the  LRS  and  the 
standard  system  are  different,  see  figures  6  and  7. 
The  arrangement  of  the  standard  system  allows  elec¬ 
trical  breakdown  between  the  wire  and  the  steel 
parts  connected  to  the  current  measuring  system.  For 
instance,  it  can  be  deduced  from  electrical  diagram, 
figure  6,  that  a  current  pulse  of  1A  with  a  10  us 
rise  time  applied  at  the  lower  part  of  the  wire, 
produces  a  transient  voltage  of  330  kV  at  the  col¬ 
lecting  ring  level.  It  Is  obvious  that,  neither  the 
wire  running  through  the  collecting  ring,  nor  the 
short  air  gap  (few  millimeters)  between  the  spool 
box  and  ground  can  withstand  a  voltage  this  high.  So 
when  current  pulses  due  to  streamer  development  are 
emitted  from  the  wire,  we  can  infer  that  the  lower 
part  of  the  unspooled  wire  is  connected  to  ground 
(via  the  current  measuring  system)  by  an  arc.  Traces 
of  these  breakdowns  were,  in  many  cases,  actually 
found  in  the  box  after  a  triggering  attempt. 

Another  major  difference  in  the  electrical  charac¬ 
teristics  of  the  two  systems  is  that  the  wire  re¬ 
sistance  of  the  LRS  is  about  twenty  times  lower  than 
that  of  the  standard  system. 

The  fundamental  mechanical  difference  between  LRS 
and  standard  system  Is  that,  since  the  mobile  part 
of  the  LRS  is  lighter,  the  velocity  of  the  wire  is 
202  to  302  greater  than  the  velocity  obtained  with 
the  standard  system.  The  typical  maximum  speed  of 
the  wire  Is  250  m/s  with  the  LRS  and  200  m/s  with 
the  standard  system. 

Discussion 

Upward  triggered  lightning  Is  similar  to  natural  up¬ 
ward  lightning  occurring  on  top  of  a  high  lower  or 
on  the  summit  of  a  mountain.  The  action  of  the  trig¬ 
gering  system  Increases  the  electrostatic  field  pro¬ 
duced  by  the  storm  cloud  above  the  corona  onset  and 
enables  the  development  of  streamer  from  the  wire 
tip  by  preventing  the  shielding  effect  from  ions 
accumulation.  Moore  et  al  1982,  pointed  out  that  the 
velocity  required  by  a  thin  wire  to  obtain  trig¬ 
gering  must  be  greater  than  150  ms  1  (this  Is 
approximately  the  drift  velocity  of  Ions  In  a  10 
kV/cm  electric  field).  The  typical  velocities  of  the 
two  triggering  systems  satisfy  this  condition. 

The  Initial  low  frequency  dl/dt  signal  Is  dependent 
on  upward  leader  velocity  (P.  Hubert,  1978).  In  the 
following,  we  use  this  parameter  to  characterize  the 
onset  of  the  leader.  The  values  of  dl/dt  are  deter¬ 
mined  either  by  the  slope  of  the  current  curve  or  by 
the  initial  mean  slope  of  the  curve  after  the  last 
streamer  pulse  hat  occurred  (see  exemple,  figure 
5). 

.  dl/dt  variations  during  the  same  series  of  exper¬ 
iments 

It  Is  clear  that  flashes  triggered  In  the  same  storm 
at  an  Interval  of  a  few  minutes,  In  general,  behave 
similarly.  The  type  ot  the  flashes,  the  duration  and 
waveform  of  their  continuous  processes,  and  even  the 
time  lapse  to  observation  of  the  first  downward 
leader-return  stroke  process,  are  nearly  Identical. 


The  question  is  to  verify  if  these  similarities 
correspond  to  initial  leader  development  simi¬ 
larities.  We  have  collected  data,  figures  8  and  9  on 
the  initial  dl/dt  of  ground  flashes  triggered  during 
the  81  experiments  in  New  Mexico  where  the  standard 
triggering  system  was  used.  If  there  is  a  strong 
influence  of  the  storms  properties  on  leader  be¬ 
haviour,  two  flashes  triggered  at  an  Interval  of  a 
few  minutes,  would  have  almost  the  same  dl/dt 
values.  We  have  plotted,  figure  8,  the  ratio  of 
these  values  versus  time  between  the  two  flashes  and 
we  see  no  evidence  of  correlation:  the  ratio  ranges 
from  0.05  to  1  randomly  for  time  intervals  from  0  to 
92  minutes. 

A  local  storm  parameter  which  may  influence  the  up¬ 
ward  leader  is  the  electrostatic  field  at  ground 
when  the  rocket  is  fired.  Figure  9  shows  a  tendency 
for  the  initial  dl/dt  to  Increase  with  field  but  the 
scattering  around  the  best  fitting  curve  is  very 
high. 

We  think  that  as  field  strenght  Increases  so  does 
dl/dt,  but  that  this  point  is  no  the  most  relevant. 
The  velocity  of  the  wire  is  higher  but  close  to 
that  required  to  trigger,  and  a  statistical  va¬ 
riation  of  this  parameter  may  influence  the  develop¬ 
ment  of  streamers  and  the  initial  propagation  of  the 
leader. 

.  Melting  of  the  wire 

The  melting  of  the  wire  is  always  visible  on  the 
current  curve  for  the  standard  system  but  it  is 
never  visible  on  an  observation  at  a  similar  band¬ 
width  for  the  LRS.  The  energy  required  to  heat  and 
melt  the  wire  is  190  J/m  for  the  standard  system  and 
166  J/m  for  the  LRS.  Taking  into  account  the  elec¬ 
trical  resistance  of  the  wire  we  estimated  that  the 
melting  current  is  three  to  four  times  greater  for 
LRS  than  for  the  standard  system.  Hubert  (1978), 
found  that  with  the  standard  system  the  leader  had 
reached  an  altitude  greater  than  1000  m  ACL  at  the 
time  of  melting,  hence,  with  the  LRS,  melting  would 
occur  at  a  higher  altitude.  The  behaviour  of  the 
propagating  positive  discharge  is  dependent  on  the 
electric  field  conditions  in  the  neighbourhood  of 
the  tip;  it  may  not  be  directly  affected  by  a  rise 
In  the  resistance  of  a  small  portion  of  its  channel 
more  than  one  kilometer  sway.  This  point  is 
illustrated  by  two  flashes,  figure  10,  for  which  the 
current  has  ceased  to  flow  in  the  shunt,  after  the 
melting  of  the  wire,  for  about  10  ms.  The  continuous 
current  time  history,  before  and  after  melting,  does 
not  seem  to  be  affected  at  all  by  this  event. 

The  effect  ot  the  impedance  of  the  standard  system 
Is  limited  to  the  unspooled  part  of  the  wire  as 
pointed  out  above.  At  the  triggering  altitude  - 
typically  200  m  ACL  -  resistance  is  respectively 
1600  1)  and  90  il  for  the  standard  system  and  the  LRS; 
It  Is  obvious  that  the  corresponding  voltage  drop 
for  current  of  less  than  1A  Is  negligible  with 
respect  to  electrostatic  field  strength  whose 
typical  value  above  the  thick  space  charge  layer 
near  ground  may  range  from  20  kV'/m  to  50  kV/ui. 

From  the  data  available  at  this  date,  we  do  not  see 
any  evidence  of  any  electrical  effects  on  the 
behaviour  of  flashes  due  to  the  differences  in  the 
two  triggering  devices.  Ue  infer  that  the  dis¬ 
crepancy  in  the  dl/dt  values  may  be  due,  among 
others  causes,  to  rocket  speed  variation  from  one 
firing  to  another. 

5  -  TRIGGERING  SITE  INFLUENCE 

Since  the  early  seventies  we  have  used  five  dif¬ 
ferent  triggering  sites.  A  distinction  can  be  made 
between  mountainous  sites  like  Saint  Prlvat  d’Alller 
(1100  m  ASL)  in  the  center  of  France  and  Langmuir 
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Laboratory  (3300  m  ASL)  in  New  Mexico,  and  flat 
plain  sites  like  Le  Barp  in  the  southwest  of  France 
and  the  two  Florida  sites,  which  are  all  at  sea 
level.  We  triggered  55  flashes  in  New  Mexico,  98  at 
Saint  Privat,  28  in  Florida  and  we  have  data  on  5 
flashes  triggered  at  Le  Barp  (more  data  have  pro¬ 
bably  been  acquired  by  others  experimentalists  at  Le 
Barp). 

The  curves  of  figure  11  on  the  histograms  of  dl/dt 
values,  determined  as  previously  described,  for  four 
different  series  of  experiments  the  following 
remarks  may  be  made: 

-  there  is  a  wide  discrepancy  in  the  dl/dt  values 
obtained  during  the  same  series  of  experiments  as 
already  illustrated  by  results  in  figures  8  and  9, 

-  the  curves  on  the  New  Mexico  81,  Saint  Privat  77 
and  78  experiments  are  virtually  identical, 

-  the  curves  plotted  from  Le  Barp  79  and  Florida  84 
experiments  are  almost  identical  and  correspond  to 
values  of  more  than  one  order  of  magnitude  greater 
than  in  the  three  other  cases. 

We  have  found  that  initial  low  frequency  dl/dt 
values  are  greater  for  flat  plain  sites  than  for 
mountainous  sites.  This  is  true  regardless  the  type 
of  triggering  device  used  (standard  for  Le  Barp, 
Saint  Privat,  New  Mexico  and  LRS  for  Florida).  This 
result  holds  for  85%  to  90%  of  flashes  obtained  in 
1977  and  1978  at  Saint  Privat,  the  other  flashes 
exhibit  dl/dt  values  identical  with  the  highest 
values  obtained  in  FLORIDA. 

The  onset  conditions  for  the  upward  leader  are  pre¬ 
pared  by  the  streamers  occurring  during  wire  ascent. 
A  determining  factor  is  the  vertical  electrostatic 
field  strength  between  cloud  and  ground,  which 
depends  on  storms  cells. 

Figure  12  is  the  table  of  the  distribution  of  types 
of  triggered  flashes  per  site  for  six  different 
series  of  experiments.  We  have  considered  that  the 
melting  of  the  wire  simply  happened  (an  upward 
leader  has  begun  its  ascent)  and  the  event  can  be 
considered  as  a  type  B  flash  because  had  it  been 
successful  the  only  possibility  is  that  it  would 
have  had  a  carry  on  due  to  a  downward  leader-return 
stroke  process.  For  the  Saint  Privat  and  New  Mexico 
experiments,  a  little  more  than  50%  were  type  B 
flashes.  For  the  Florida  and  Le  Barp  experiments  89% 
to  100%  of  flashes  were  of  type  A.  These  results 
clearly  indicate  that  storms  above  flat  sea  level 
sites  have  different  characteristics  from  those 
observed  above  mountainous  sites. 

Storms  studied  in  New  Mexico  were  always  of 
horographic  type.  They  form  on  top  of  the  mountain 
and  often  the  cloud  bate  is  at  ground.  Most  of  the 
flashes  exhibit  an  upward  branching  at  low  altitude 
due  to  the  proximity  of  the  electrical  charges. 


Storms  at  Saint  Privat  are  mostly  horographic  but  a 
few  of  them  are  associated  with  a  front;  storm  geo¬ 
metry  varies  with  respect  to  altitude  and  value  of 
charges  separated  in  the  clouds. 

Florida  storms  are,  in  general,  formed  above  land 
and  are  blown  toward  coast  by  a  westerly  wind.  Due 
to  low  latitude,  the  cloud  base  ic  high  and  the 
electrostatic  field  at  ground  is  weak  (typical  maxi¬ 
mum  value  8  kV/m  in  Florida  and  12  kV/m  in  New 
Mexico).  Triggered  flashes  do  not  exhibit  low  al¬ 
titude  branching.  All  storms  concerned  by  Le  Barp 
1979  data  are  associated  with  a  front;  in  most  of 
the  case  the  upward  branching  is  not  visible. 

6  -  CONCLUSION 

We  have  found  that  the  flashes  triggered  at  two 
Florida  sites  with  a  new  device  present  systematic 
differences  from  those  obtained  on  montainous  sites 
with  a  standard  triggering  device:  the  initial  low 
frequency  dl/dt  corresponding  to  upward  leader 
ascent,  and  strongly  dependent  of  its  velocity,  is 
one  or  two  orders  of  magnitude  greater.  It  has  been 
shown  that  the  differences  in  the  standard  and  LRS 
triggering  devices  may  not  induce  any  significant 
electical  effect  on  the  behavior  of  the  leader  of 
the  flash.  The  overall  characteristics  of  flashes 
are  determined  by  the  storm:  Florida  flashes  are 
only  of  type  A  (continuous  current  process  followed 
by  return  stroke  processes). 

Data  concerning  five  different  series  of  experiments 
clearly  show  that  initial  dl/dt  depends  of  the 
nature  of  the  site:  this  parameter  is  greater  for 
sea  level  sites. 

The  onset  of  the  leader,  characterized  by  dl/dt,  is 
influenced  by  streamer  development  for  which  the 
wire  velocity  and  vertical  electric  field  strength 
are  determinant. 

These  results  indicate  that  the  field  conditions 
between  cloud  and  ground  are  more  favorable  at  sea 
level  sites  and  that  the  higher  wire  speed  of  the 
LRS  may  favor  the  occurrence  of  streamers. 

The  influence  of  the  triggering  system  will  be 
studied  in  more  derail  during  the  next  Florida  85 
experiments,  for  which  both  the  standard  system  and 
LRS  will  be  used  under  same  storms  conditions. 
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Abstract  -  Ue  have  used  a  measuring  system  of  luminous  components  during  triggered 
lightning  experiments  at  Hokuriku  Coast  of  Japan.  This  system  consists  of  two 
photodiodes  and  a  two-channels  broadband  data  recorder.  With  this  system  the  luminous 
signals  through  a  objective  lensel f=50mm)  from  two  different  heights  of  return  stroke 
channels  have  been  recorded  on  magnetic  tapes  and  we  were  able  to  observe  45  strokes 
during  these  experiments.  The  recorded  luminous  components  were  rather  impulsive  and 
much  similar  to  the  current  shape  of  Lin-Uman-Standler ‘s  model.  To  obtain  the  two- 
dimensional  return  stroke  velocities  we  defined  "tip  velocities"  and  "group 
velocities".  About  the  former  we  decided  the  velocity  with  an  arrival  time  difference 
of  two  luminous  signals.  About  the  latter  we  decided  the  velocity  with  a  dispersion 
relation  based  on  Fourier  analysis.  The  mean  of  "tip  return  stroke  velocity"  was  found 
to  be  0.9  x  10*  m/sec.  and  this  value  was  almost  same  of  the  results  of  ldone  and 
Orville’s  work.  On  the  other  hand  the  mean  of  "group  return  stroke  velocity"  was  found 
to  be  0.5x10*  m/sec.  and  was  in  excellent  agreement  with  the  results  of  Schonland  and 
McEachron.  It  should  be  noted,  however,  that  the  variation  of  the  former  was  large  in 
comparison  with  that  of  the  latter.  From  this  fact  we  assumed  that  ldone  et  al.  was 
able  to  measure  the  "tip  velocities",  in  spite  of  Schonland  measured  only  "group 
velocities",  owing  to  the  progress  of  the  sensitivity  of  measuring  systems  during  these 
50  years.  To  prove  our  hypothesis  we  executed  a  one-dimensional  computer  simulation 
with  an  electromagnetic  fluid  model  based  on  plasma  physics  and  got  1.3x10“  m/sec.  tip 
velocity  and  0.7  x  10“  m/sec.  group  velocity.  Our  computer  simulation  was  able  to 
explain  the  difference  between  recent  results  and  previous  results. 


Introduction 

The  velocity  of  lightning  return  stroke 
currents  is  cosidered  to  be  one  of  most  impo¬ 
rtant  parametersfBoyle  and  Orvi 1 ie. 1975;Hu- 
bert  and  Mouget.1980:  ldone  and  Orvil¬ 
le.  1982:Nakano  et  al.. 19831.  not  only  from 
the  view  point  of  lightning  physics  but  also 
from  the  view  point  of  technical  sense,  such 
as  protections  of  facilities  from  lightnings, 
in  recent  years,  there  has  been  a  renewal  of 
interest  in  the  velocity  measurements  to  be 
attributed  to  the  need  of  use  the  accurate 
values  for  the  return  stroke  velocity  in  the 
various  new  modelsCUman  and  McLain. i969;Uman 
et  al . . 1975:LeVine  and  Meneghlnl , 1973:Lln  et 
al.. 19801.  Historically,  the  measurements  of 
the  velocity  of  return  stroke  currents  are 
never  new  topics  and  more  than  fifty  years 
ago  Schonland  et  al.  reproted  the  velocities 
measured  with  Boys  camera [Schonland  and  Col- 
lens.  1934: McEachron. 19391 .  Recent  obtained 
velocities  with  streak  camera  by  ldone  et  al. 
are  compaired  with  those  by  Schonland  In 
detail  and  ldone  concluded  that  the  mean 
value  of  the  former  (*1 .oxio* a/sec)  is  about 
twice  larger  than  that  of  the  latter(*0.5  X 10* 
m/sec).  The  results  of  Hubert  show  the  simi¬ 
lar  tendency  and  of  course  same  to  Nakano 's 
results.  On  the  other  hand  Jordan  et  al.C Jor¬ 
dan  and  Uman. 19831  rcprorted  the  relative 
light  intensity  as  a  function  of  height  and 
time.  According  to  their  results  return 
stroke  current  pulses  are  rather  deformed  as 
they  are  propagated  along  the  channel  perhaps 
bexause  of  Its  dispersive  characteristics  and 


we  can  consider  that  these  phenomena  are 
quite  similar  to  the  behaviour  of  an  electro¬ 
mag  netic  pulse  in  a  dispersive  mediumtStrat- 
ton. 19411.  About  the  electromagnetic  pulses 
in  some  dlsmersive  medium,  we  know  that  va¬ 
rious  velocities  are  able  to  define,  such  as 
the  phase  velocity,  the  group  velocity  and 
the  front  velocity  etc.. and  we  get  to  have  a 
next  question.  "What  kind  of  velocities  has 
been  mesured  about  lightning  stroke  currents 
unt  1 1  now  ?" 

Under  above  discussions. in  this  paper 
we  present  the  two  precise  definitions  on 
lightning  return  stroke  current  pulses  accor¬ 
ding  to  the  electromagnetic  theory  and  try  to 
explain  the  difference  of  previous  Schon- 
land’s  results  and  recent  ldone’s  results. 
Moreover  we  excecute  a  computer  simulation  of 
return  strokes  with  an  electromagnetic  fluid 
model  baser  on  plasma  physics  and  estimate 
the  return  stroke  velocity  theoretically. 


Experiment 

We  have  already  suggested  and  reported 
a  measuring  system  of  luminous  signals  from 
lightning  channels.  In  this  paper  we  will 
briefly  describe  it.  As  shown  in  Figure  i. 
luminous  signals  emitted  from  two  different 
portions  of  a  return  stroke  channel  are  obse¬ 
rved  with  two  photodiodes  through  an  objec¬ 
tive  lense  (f=50mm).  These  luminous  signals 
are  transformed  Into  electric  signals  and 
recorded  on  magnetic  tapes  with  a  two  chan¬ 
nels  data  recorder.  The  bandwidth  of  this 
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Figure  1.  A  schematic  of  the  measuring  sustem  of  luminous 
signals  from  lightning  return  stroke  channels. 


whole  system  is  about  i  MHz.  Of  course,  we 
simultanlously  carry  out  the  observations  of 
electric  field  changes  and  magnetic  flux 
densities  to  identify  the  type  of  discharge 
processes.  The  typical  examples  of  these 
observed  quantities,  that  is.  an  electric 
field  change,  magnetic  flux  density  and  lumi¬ 
nous  signals  from  two  different  height  of  a 
return  stroke  channel  are  shown  in  Figure  2. 
If  we  have  some  informations  about  the  dista¬ 
nce  between  the  lightning  striking  point  and 
the  observation  site,  we  are  able  to  estimate 
the  two  dimensional  velocity  of  return  stroke 
current  with  the  arrival  time  difference  of 
two  luminous  signals. 

Detail  presentations  of  methods  to 
estimate  the  velocities  with  measured  data 
and  discussions  will  be  given  in  the  follo¬ 
wing  sections  and  here  we  show  another  exam¬ 
ple  of  luminous  signals  measured  during  trig¬ 
gered  lightning  experiments  at  Hokurlku  Coast 
of  Japan  which  were  held  in  December.  1982. 
The  distance  between  rocket  launchers  and 
our  observation  site  is  about  1.6  km  and  the 
altitude  difference  of  two  portions  where  two 
luminous  signals  were  emitted  each  other  is 
about  250  m.  In  Figure  3  j  pair  of  traces  of 
luminous  signals  measured  by  the  lower  and 
upper  photodiodes  are  shown  with  the  nota¬ 
tions  of  (a)  and  (b)  .  We  have  observed  45 
triggered  lightning  strokes  during  these 
experiments  and  all  of  them  are  negative 
ground  flashes.  From  these  examples  we  can 
find  that  the  current  pulse  is  deformed  as 
it  is  propagated  along  the  channel.  Moreover 
the  shapes  of  these  signals  are  very  similar 
to  the  shapes  of  currents  based  on  Lin-llman- 
Standler’s  new  model. 

Analysis 

In  this  section  we  define  what  is 
called  “the  tip  velocity"  and  “the  group 
velocity"  about  return  stroke  currents  and 
estimate  two  different  velocities  with  two 
different  procedure.  The  former  should  be 
estimated  by  the  arrival  time  differnce  of 
two  luminous  signals  and  this  is  a  quite 
usual  procedure.  On  the  other  hand  the  latter 
should  be  estimated  with  dispersion  relations 


Figure  2.  One  of  typical  data 
measured  during  triggered  lightning 
experiments  in  Japan, 


based  on  Fourier  Analysis. 

In  all  previous  works,  not  only  Hubert 
et  al.  but  also  Idone  et  al.  of  course  Schon- 
land,  they  measured  the  velocities  with  the 
arrival  time  difference.  However  as  mentioned 
above,  the  shape  of  luminous  signals  is  defo¬ 
rmed  very  much  with  current's  propagations 
along  the  channel,  which  means  the  deforma¬ 
tions  of  current  shape  itself.  So  we  can 
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arrival  time  difference  is  a  so 
called  "the  tip  velocity"  or  ”  the 
front  velocity’.  Here  after  we  use 
the  term  of  the  tip  velocity.  After 
Stratton  the  wave  front  velocity  is 
always  equal  to  the  velocity  of 
light  in  free  space,  c(=3.0XiO* 
m/sec),  no  matter  what  the  medium. 
He  named  this  a  precusor  wave  and 
the  more  sensitive  measuring  sys¬ 
tems  become,  the  faster  velocities 
estimated  wilh  the  arrival  time 
dlffernce  become.  That  is,  recent 
results  by  Hubert,  Idone  and  Nakano 
seem  to  be  very  different  from 
previous  results  by  Schonland  and 
we  would  like  to  insist  that  these 
are  due  to  progress  of  measuring 
systems,  never  due  to  the  differen¬ 
ce  of  phenomena.  Moreover  we  insist 
we  should  difine  another  velocity 
for  the  velocity  of  return  strokes 
which  has  physical  significance 
because  it  is  quite  trivial  that 
the  front  velocity  is  equal  to  c. 
In  other  word  the  time  difference 
is  not  always  equal  about  deformed 
wave  train  dpending  on  what  level 
we  can  measure. 

if  a  state  of  the  medium  is 
presented  by  the  function 
fez. t ) .where 

f\  cn 

then  the  surfaces  of  constant 
state  or  phase  are  propagated  with 
the  veiorl ty 

Vf,=  <v/k  (2) 

A  wave  train  of  finite  length 
cannot  be  represented  in  the  simple 
harmonic  form  (I),  and  a  slngie 
group  or  pulse  of  any  desired  shape 
may  be  constructed  upon  the  Theory 
of  Fourier  integral 


Figure  3.  Measured  luminous  sionals  from 
different  two  heights. 
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consider  that  it  Is  not  sufficient  to  use 
only  "the  tip  velocity”  for  the  return  stroke 
velocity.  We  think  that  It  is  necessary  to 
define  another  velocity  which  maintain  phy¬ 
sical  menlngs. 

Return  strokes  are  considered  to  be 
nonlinear  break  down  phenomena  which  are 
propagated  in  an  ionized  leader  channel  to 
the  opposite  direction  of  leader  strokes. 
These  phenomena  are  understood  to  be  a  motion 
of  ionizing  potential  waves  been  dominated  by 
Poisson's  equation  for  the  electric  field  and 
by  the  equation  of  energy  conservatlonfAl- 
brlght  and  Tldman. 19721 .  So  we  are  able  to 
suppose  that  the  velocity  of  return  stroke 
current  is  concerned  with  the  velocity  of  the 
potential  wave.  As  mentioned  above  the  beha¬ 
viour  of  the  ionizing  potential  wave  is  pret¬ 
ty  similar  to  that  of  an  electromagnetic 
pulse  in  a  dispersive  medium  and  we  can  con¬ 
clude  that  the  velocity  estimated  with  the 


After  a  iittle  mathematical  treatments  we 
can  find  that  the  wave  packet  Is  propagated 
with  the  group  velocity 

K?=  .  <*) 

in  case  the  medium  Is  nondispersl ve,  Vj  coi¬ 
ncides  with  the  phase  velocity  .but  other¬ 
wise  It  is  a  function  of  the  wave  number. 

So  far  we  have  discussed  about  electro¬ 
magnetic  puises  in  some  medium  and  same  dis¬ 
cussion  Is  abie  to  adapted  for  the  return 
stroke  current  puises.  To  estimate  the  group 
velocity  of  return  stroke  currents  we  must 
obtain  a  u> -k  diagram  of  a  pair  of  iuminous 
signals.  For  this  purpose  we  analyze  measured 
luminous  signals  with  FFTti-'ast  Fourier  Tran¬ 
sform)  and  with  next  equation  (4)  a  to  -k 
diagram  is  given  as  shown  in  Figure  4. 

c5> 
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Figure  4.  -k  diagram  coresponding 
to  the  measured  data  shown  in  Figure  3. 


where  ftt  •  z  1-Zj.and  t|  -t  j,  are  phase  differe¬ 
nce. altitude  difference  and  time  difference 
respectively. 

A  typical  example  of tO-k  diagram  shown 
in  Figure  4  coresponds  to  the  luminous  sig¬ 
nals  shown  in  figure  3.  With  this  diagram  we 
can  estimate  the  group  velocity  by  means  of 
numerical  derivative  and  in  this  paper  we  use 
a  linear  approximation  and  estimate  the  group 
velocity  with  the  gradient  of  dotted  straigt 
line  which  is  given  with  the  least  square 
method.  About  this  example  estimated  group 
velocity  is  0.6*i0"m/sec  and  the  tip  velocity 
is  1 .8  X,lO0m/sec.  All  measured  45  pairs  of 
luminous  signals  are  analyzed  respectively 
and  decided  the  tip  velocities  and  the  group 
velocities.  In  Figure  5  the  distributions  of 
these  quantities  are  presented.  We  can  find 
that  about  the  tip  velocities  the  variation 
is  rather  wide.  Moreover  the  mean  value  of 
tip  velocities  is  very  close  to  that  of  idone 
and  the  mean  value  of  group  velocities  is 
almost  equal  to  that  of  Schonland. 

Computer  Simulations 

After  Albright  et  al..  return  strokes 
are  able  to  be  represented  with  electromagne¬ 
tic  fluid  model  based  on  plasma  physics 

|2=-e-neVa)  <?) 

H*=-v.(nfv)  +  sr  (t) 

+^te-vruv  ci) 

=  -  T  (^n«T  V  +  T  to  YleiV  |1, VO 

+  eJWE-*  -V;S  oo) 
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Figure  5.  Velocity  distributions  of 
tip  and  group  velocities  for  45  negative 
flashes. 

To  simulate  return  strokes  we  must  solve 
these  equations  numerically.  The  two-step 
Lax-Wendroff  method  is  known  to  be  the  mest 
conventional.  We  are  now  carrying  out  this 
simulation  and  will  be  able  to  present  anot¬ 
her  paper  at  next  chance,  in  this  paper  we 
derive  the  slmplyfied  one  dimensional  equa¬ 
tions  on  the  electric  field  and  the  electron 
density  under  a  proper  assumption,  such  as 
the  temperature  of  the  channel  is  constant 

"c”S'=-Tl*E  <"> 

ru  =  l 

in  Figure  6  we  show  the  simulation  results 
about  the  case  of  the  channel's  temperature 
of  2O00O*K  and  the  channels  be  consisted  of 
only  N a  for  which  the  ionization  threshold  is 
about  17  eV.  For  the  initial  condition  the 
electric  field  intensity  at  the  tip  of  poten¬ 
tial  wave  is  assumed  to  be  5X10*”  V/meter. 
The  arrow  in  Figure  6  indicates  the  direction 


Figure  6.  Simulation  results  for  the 
potential  wave  as  return  strokes. 
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to  which  the  potential  wave  is  propagated. 
From  this  simulation  result  we  can  find  the 
potential  waves  are  propagated  with  deforma¬ 
tion.  For  this  case  the  tip  velocity  becomes 
1.3X10*  m/sec  and  the  group  velocity  becomes 
0.7x10®  m/sec.  Both  of  them  are  very  close  to 
the  values  obtained  with  measured  luminous 
signals  in  the  previous  sections. 

Conclusions 

In  this  paper  we  started  from  a  ques¬ 
tion.  "What  kind  of  velocities  has  been  mea¬ 
sured  on  lightning  return  stroke  currens?” 
and  defined  two  kinds  of  velocities,  the  tip 
velocity  and  the  group  velocity.  We  carried 
out  the  estimations  of  the  tip  velocity  and 
the  group  velocity  for  45  pairs  of  luminous 
signals  measured  during  the  rocket  triggered 
lightning  experiments  in  Japan.  The  mean 


value  of  tip  velocity  was  0.9X10*  m/sec  and 
the  mean  value  of  group  velocities  was  0.5X10® 
m/sec.  The  former  are  almost  equal  to  the 
results  of  ldone  and  the  latter  are  almost 
equal  to  the  results  of  Schonland.  To  explain 
this  difference  we  executed  a  one-dimensional 
computer  simulation  with  an  electromagnetic 
fluid  model  based  on  plasma  physics.  Experi¬ 
mental  results  were  in  excellent  agreement 
with  theoretical  results.  Our  computer  simu¬ 
lation  was  able  to  explain  the  difference 
between  recent  results  and  previous  results. 

After  Electromagnetic  Theory  in  the  disper¬ 
sive  medium  the  velocity  which  maintains  the 
pysical  significance  is  "  the  group  velocity" 
and  we  concluded  that  we  should  use  same 
concept  for  the  return  stroke  velocity.  We 
found  that  the  mean  of  group  velocities  about 
rocket  triggered  lightnings  was  0.5X10® 

m/sec.  i 
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SURVEY  OF  LIGHTNING  HAZARD  AND  LOW  ALTITUDE  DIRECT  LIGHTNING  STRIKE  PROGRAM 


N.O.  Rasch  and  M.S.  Clynn 

FAA  Technical  Center,  Aircraft  and  Airport  Systems  Technology  Division,  Atlantic  City  Airport, 
Hew  Jersey  084QS,  U.S.A. 


Abstract  -  Modern  aircraft  designs  are  employing  increasing  amounts  of  poorly-conducting  composite 
airframe  materials  and  aensitive  digital  microelectronica  to  achieve  greater  performance  levels. 
Unfortunately,  these  designs  make  aircraft  potentially  more  susceptible  to  damage  or  impairment 
resulting  from  electrical  interference.  This  interference  can  arise  from  statir  electricity, 
lightning  dischargea,  and  nuclear  EMP ,  among  others.  Composite  materisls  do  not  provide  the  high 
level  of  shielding  that  was  achieved  by  metal  skinned  aircraft.  Microelectronics  can  be  damaged  or 
destroyed  at  far  lower  levels  than  previously  used  vacuum  tubes.  Thus,  optimum  protection  levels  must 
be  provided  to  enaure  safety  of  flight. 

This  paper  provides  a  program  to  obtain  quantitative  and  qualitative  data  on  the  electromagnetic 
characteristics  of  the  lightning  environment  encountered  by  attachment  to  sn  aircraft  in  flight  at 
altitudes  from  2,000  to  20,000  feet.  Specific  characteristics  of  cloud-to-ground  lightning, 
simulated  nuclear  elf-ctromagent  ic  pulse  (nfwp),  ar.J  the  interaction  with  the  aircraft  will  be  defined. 

Data  acquisition  flights  are  scheduled  to  be  made  in  and  nesr  areas  of  active  thunderstorms  (not  to 
exceed  40  dBZ  of  radar  reflectivity)  and  will  last  approximately  2  or  3  hours.  When  weather  allows, 
the  aircraft  will  be  flown  over  an  instrumented  ground  station  to  record  associsted  ground  based 
electromagnetic  field  data.  Approximately  100  flight  nours  are  anticipated  each  year  in  support 
of  this  project.  The  flights  are  planned  to  occur  over  the  Florida  peninsula  in  the  the  vicinity  of 
the  Kennedy  Space  Center,  Florida.  An  FAA  Convair  CV-580  aircraft  inatrumented  with  wide-bsndwidth 
electromagnetic  sensors  and  recorders  will  be  based  at  Patrick  Air  Force  Bsse,  Florida. 

A  two-year  experimental  phase  will  be  conducted  in  1984  snd  1985  to  measure  electromagnetic  parame¬ 
ters  produced  by  a  direct  lightning  strike  to  an  aircraft  in  flight.  Approximately  one  year  will 
be  required  after  completion  of  the  data  acquisition  flights  for  analysis  and  publication  of  the 
dste. 


Introduction 

Dr.  Richard  G.  Fowler  ststes  that:  It  seems 
apparent,  as  one  views  that  panorama  of  organized 
satisfaction  of  human  curiosity  we  call  science, 
thst  one  might  reasonably  cite  the  terror  which 
lightning  hss  inspired  in  all  ages  to  explain  the 
singular  fact  that  with  very  little  exaggeration 
it  can  be  said  thst  this  oldest  and  most  majestic 
of  terrestrial  electricsl  phenomena  is  still  less 
completely  understood  than  the  structure  of  the 
nucleus.  * 

The  electromagnetic  transients  associated  with 
a  lightning  strike  pose  a  threat  to  the  electrical 
systems  of  aircraft  in  the  immediate  vicinity. 

Because  of  the  complex  geometries  involved,  it  is 
difficult  to  calculate  the  voltages  and  currents 
induced  in  aircraft  internal  wiring,  but  it  is  clear 
that  both  electric  and  magnetic  fields  are  important 
in  the  coupling  mechanism.  The  high  current  associ¬ 
ated  with  a  lightning  strike  gives  rise  to  an  intense, 
rapidly  changing  magnetic  field,  and  the  high  voltage 
gives  rise  to  an  intense  rapidly  changing  electric 
field.  However,  the  electromagnetic  field  really 
needs  to  be  treated  as  a  whole  in  the  overall  coupling 
phenomenon. 


In  order  to  predict  the  nature  snd  magnitude  of 
this  threat,  it  is  necessary  to  achieve  an  understand¬ 
ing  of  the  lightning  phenomenon,  particulary  the 
currents  snd  charges  along  s  tortuous  discharge 
path . 

A  number  of  models  have  been  proposed  for 
the  distribution  of  the  lightning  current  and  charges 
along  the  channel  and  their  relationship  to  the 
radiated  fields  (far-field  zone),  but  little  has  been 
published  about  the  very  near-fields  of  interest  in  a 
nearby  strike,  and  the  effects  of  channel  tortuosity 
on  these  induced  fields.  2 

Purpose 

This  paper  will  discuss  a  procedure  conducted 
to  implement  research  in  the  technology  area  that 
will  provide  "lightning  characterization  and  threat 
definition”  information  and  data  in  support  of 
specifications  and  criteria  related  to  protection  of 
current  and  new  generation  aircraft  against  atmo¬ 
spheric  electricity  hazards.  The  emphasis  of  the 
effort  will  be  directed  towards  obtaining  data  on  the 
effects  of  electromagnetic  transients  and  the  elec¬ 
tromagnetic  compatibility  (EMC)  of  systems  as  influ¬ 
enced  by  atmospheric  electricity  hazards  such  as 
lightning  (direct  and  indirect),  static  discharge, 
and  other  external  factors  causing  electromagnetic 
interference  (EMI)  effects  to  an  aircraft  in  flight. 
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Bsckground 

The  FAA  has  an  interest  in  the  study  of  atmo¬ 
spheric  electricity  effects  to  systems  and  structures 
of  current  snd  new  generation  aircraft.  This  interest 
is  reflectd  in  the  "FAA  Engineering  and  Development 
Technical  Program  Plsn  -  Atmospheric  and  Aircraft 
Electrical  Hszsrds"  dated  October  1983.  ^  The  FAA 
is  also  conducting  joint  projects  with  the  National 
Aeronautics  snd  Space  Administration  (NASA)  and 
the  United  States  Air  Force  in  lightning  snd  static 
electricity  research. 


This  well-designed  experiment  was  needed  to 
enable  a  better  understanding  of  low-altitude  light¬ 
ning  strikes  to  aircraft.  This  experiment  includes 
measurements  of  current  flow  (both  current  transients 
snd  continuing  current),  electric  fields  (both 
transient  electric  field  changes  and  static  electric 
fields),  snd  current  distribution  on  the  aircraft. 
Other  data,  such  as  aircrsft  turbulence,  airborne  snd 
ground-bssed  radar  informstion,  etc.,  also  have  been 
incorporated  into  the  program. 

Scope 


Atmospheric  electricity  interaction  with  sn  air¬ 
craft  can  result  in  numerous  problems.  For  the  case 
of  lightning,  physical  dsmsge  csn  result  from  direct 
\  strikes  on  the  sircraft.  Such  damage  is  characterized 

by  burning,  eroding,  blasting,  and  is  the  consequence 
of  either  the  extreme  heat  loading  and  accompanying 
acoustic  shock  wave  or  deforming  by  magnetic  forces 
from  the  high  current  component  of  lightning.  A 
further  effect  results  from  the  fast  changing  electric 
and  magnetic  fields  produced  by  the  high  currents  of  a 
direct  or  nesr  strike.  In  both  esses,  these  fields 
csn  couple  voltage  transients  into  the  internal 
sircraft  wiring  and  subequently  to  the  electronic 
flight  critical  snd  flight  essential  control  and 
avionics  systems. 

The  emphasis  of  this  activity  is  directed 
towards  lightning  characterizat ion,  hazard  defini¬ 
tion,  and  the  sreas  of  research  that  deals  with 
EMI/EMC/electromagnetic  pulse  (EMP)  type  problems 
in  generic  and  new  technology  avionic  systems. 

Concern  for  vulnerability  of  aircraft  flight 
critical  and  flight  essential  systems  to  atmospheric 
electricity  hazards  has  increased  substant ial ly  over 
the  past  15  years.  Two  primary  factors  have 
contributed  extensively  to  this  increased  threat:  (1) 
Increasing  widespread  use  of  sensitive  microelectronic 
low  voltage/low  current/  high  density  solid-state 
devices  in  digital  flight  essential  systems;  and  (2) 
the  reduced  physical  protection  and  electromagnetic 
shielding  afforded  aircraft  systems  and  crew  by 
advanced  technology  airframe  materials. 

In  order  to  provide  a  level  of  safety  and  to 
ensure  that  the  full  advantage  of  the  rapidly  expand¬ 
ing  fields  of  microelectronics,  digital  systems, 
end  composite  structures,  etc.,  is  realized,  the 
needed  data  and  information  must  be  acquired  that  will 
ensure  full,  unimpeded  utilization  of  the  advanced 
technologies  while  simultaneously  providing  validated 
hardening  information  and  procedures. 


This  program  hss  been  developed  to  obtain 
quantitative  dsta  on  the  elect romsgnet ic  character¬ 
istics  of  the  lightning  environment  encountered  by  sn 
aircraft  in  flight  from  2,000  feet  to  20,000  feet. 
Specific  characteristics  of  lightning  snd  nuclear  EMP 
(NEMP)  and  interaction  with  the  aircraft  to  be 
investigated  include  the  following: 

a.  Incident  magnetic  fields  from  nesrby  lightning 
flashes . 

b.  Surface  currents,  displacement  currents,  and 
current  distributions  on  an  aircraft  resulting  from 
s  direct  strike. 

c.  Totsl  current  flow  on  an  aircraft  resulting 
from  a  direct  strike  including  low  level  continuing 
current . 

d.  Quasi-stati-  electric  field  conditions  existing 
near  the  aircraft  for  direct  and  nearby  strikes. 

e.  Electric  and  magnetic  field  characteristics 
preceding  aircraft  lightning  attachments, 

f.  Electromagnetic  fields  associated  with  NEMP. 

g.  Induced  voltages  and  currents  on  actual  air¬ 
craft  wiring  and  instrumentation. 

Other  supplementary  data  such  as  radar 
patterns,  turbulence,  etc.,  will  be  gathered  where 
possible  to  aid  in  the  analysis  and  interpretation 
of  the  electromagnetic  information. 

The  program  consists  of  eight  major  phases: 

a.  Instrumentation  design  and  procurement. 

b.  Aircraft  modification,  equipment  installation, 
checkout,  and  calibration. 


Historically,  the  majority  of  lightning  measure¬ 
ments  have  been  made  at  ground  level,  and  have 
provided  most  of  the  existing  data  on  lightning. 

Recent  c loud-to-c loud  and  intracloud  airborne 
measurements  above  20,000  feet  have  been  made  to 
obtain  data  typical  of  lightning  experienced  by 
aircraft  in  flight.  Analysis  indicates  a  different 
overall  pattern  in  aircraft  lightning  data  compared  to 
ground  strikes.  It  is  not  yet  fully  understood  what 
type  of  lightning  phenomena  is  interacting  with  the 
aircraft  durng  these  strikes. 


c.  Data  acquisition  flights  in  a  thunderstorm 
area. 

d.  Data  acquisition  flights  in  a  simulated 
nuclear  (NEMP)  environment. 

e.  Cround-based  lightning  simulation  (LENP) 
tests. 

f.  Data  Analysis. 

g.  Remove  and  replace  instrumentation  system 
(between  seasons). 


h.  Aircraft  restoration. 
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A  2-year  experimental  phase  will  be  conducted 
with  phases  b  through  f.  being  repeated  as  necessary 
the  second  year.  Approximately  1  year  will  be 
required  after  completion  of  the  data  acquisition 
flights  for  analysis  of  the  data. 

Data  acquisition  flights  will  be  made  in  and 
near  active  thunderstorms  and  will  last  approxi¬ 
mately  3  hours.  When  weather  permits,  the  aircraft 
will  be  flown  over  an  instrumented  ground  station  to 
record  associated  ground  based  electromagnetic  field 
data.  Flights  at  altitudes  between  2,000  and  20,000 
feet  will  be  made  into  areas  of  radar  reflectivity  not 
to  exceed  40  dbz.  Approximately  100  flight  hours  are 
anticipated  each  year  in  support  of  this  project. 

Ground  based  lightning  electromagnetic  pulse 
(LEMP)  tests  will  be  conducted  at  the  Air  Force 
Wright-Aeronautical  Laoratory  and  nuclear  electro¬ 
magnetic  pulse  (NEMP)  testing  will  be  conducted  at 
Kirkland  Air  Force  Base.  The  data  will  be  analyzed 
to  determine  if  a  common  protection  criteria  can  be 
established. 

Anticipated  Results 

This  comprehensive  experimental  program  will 
yield  information  on: 

a.  Characterizat ion  of  lightning. 

b.  Aircraft-Lightning  hazards  definition. 

c.  Initiation  of  lightning  discharge  to  aircraft. 

d.  Possible  triggering  of  lightning  by  the 
aircraft . 

e.  Electrostatic  field  thresholds  for  lightning 
attachment  to  aircraft. 

f.  Continuing  current  levels  and  charge  transfer 
during  aircraft  attachments. 

g.  Transient  current  and  field  amplitudes  and 
rates  of  change  for  direct  and  nearby  strikes. 

h.  Current  distribution  over  aircraft  surfaces. 

i.  Current  pulse  repetition  rates  and  durations. 

j.  Induced  voltages  and  currents  on  actual  air¬ 
craft  wiring  and  instrumentation. 

k.  Associated  ground  based  field  levels  and 
characteristics. 

l.  Define  meteorological  conditions  conducive  to 
lightning  aircraft  attachment. 

m.  Develop  improved  ground  test  techniques  to 
better  simulate  lightning  conditions. 

The  program  is  coaiplex,  it  requires  consolida¬ 
tion  of  resources  (both  monetary  and  expertise) 
and  cooperation  between  the  U.S.  Air  Force  (Flight 
Dynamics  Lab,  Weapons  Lab,  Patrick  Air  Force  Bate), 
HASA  (Kennedy  Space  Center),  U.S.  Navy  (Naval  Research 
Lab.),  and  0NERA  (Office  of  National  D’Etudes  et  de 
Recherches  Aerospat iales) . 


A  block  diagram  of  the  organizations  involved 
is  shown  in  figure  1.  Also  shown  are  the  means  by 
which  they  are  administratively  coupled. 

A  breakdown  of  the  major  components  required 
for  the  airborne  research  are  as  follows: 

o  Research  Aircraft  -  The  selection  of  the  aircraft 
was  critical  to  the  success  of  the  entire  program. 

The  aircraft  was  required  to  be  large  enough  to 
contain  the  entire  instrumentation  system  including 
the  data  retrieval  system  and  operators.  Have  the 
capability  of  remaining  on  station  for  periods  of  3  to 
4  hours  at  altitudes  between  2,000  and  20,000  feet, 
yet  have  adequate  speeds  to  be  vectored  to  thunder¬ 
storms  at  distances  up  to  100  miles  from  the  base 
station.  The  aircraft  had  to  exhibit  a  history  of 
extreme  safety  in  the  thunderstorm  environment.  The 
FAA  Technical  Center’s  Convair  C-580  aircraft  (N-49) 
(figure  2)  exhibited  all  the  aforementioned  pro¬ 
perties  and  most  important  was  availble. 

The  aircraft  was  modified  by  having  the  special 
designed  sensors  installed  to  measure  the  effects 
of  both  direct-  and  near-lightning  strike  effects 
(figure  3).  The  addition  of  the  wing  booms  (figure  4) 
required  that  the  aircraft  be  placed  into  an  experi¬ 
mental  status,  which  precluded  the  transportation  of 
passengers . 

Note:  I*  must  be  emphasized  that  an  in-depth  safety 

evaluation  was  conducted  to  ensure  that  the  aircraft 
operations  would  be  conducted  safely.  Lightning 
Technologies,  Incorporated,  was  contracted  (this 
company  is  under  contract  for  the  safety  evaluation  of 
the  NASA  F-106B  aircraft)  to  conduct  this  evaluation. 

o  Research  Instrumentation  System  -  The  instrumen¬ 
tation  concept  consists  of  a  number  of  electro¬ 
magnetic  sensors  which  measure  the  electromagnetic 
fields  during  the  lightning  strike  to  the  aircraft 
( figure  3).  The  instrumentation  will  be  simulta- 
neourly  triggered  from  either  an  1,  I,  B,  or  D 
signal.  The  Tektronic  7612  digitizer  time  window 
uses  2048  available  samples  with  a  basic  5  ns  sampling 
rate. 

This  instrumentation  system  will  be  contained  in  tne 
passenger  compartment  of  the  aircraft. 

The  following  instrumentation  systems  will  be 
installed  on  the  aircraft: 

-  Lightning  Characterization  System  -  This  will 
involve  transient  measurement  sensors 
specifically  designed  for  this  project 
coupled  to  Tektronic  7612  digitizers  and  a 
28-channel  HP  analog  recorder  (figure  5). 

Time  correlation  will  be  utilized. 

-  Static  Field  Mill  Measurements  -  A  total  of 
four  field  mills  will  be  installed  on  the 
aircraft.  The  field  mill  output  will  be  fed 
into  an  analog  computer  which  calculates 

Ex,  ly  Ezand  Q.  These  results  will 
be  stored  on  a  9-track  digital  recorder  and 
presented  in  analog  form  in  real-time  on  a 
strip-chart  recorder  (figure  6). 
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-  VHF  Radiation  Field  -  ONERA  conducted  VHF 
radiation  field  measurements  utilizing  a  63 
MHZ  and  120  MHZ  aircraft  antenna  (figure  3). 

-  E  &  H  Field  Measurements  -  ONERA  has  utilized 
"E"  and  "H"  field  sensors  located  on  the 
wings  inboard  of  the  engines  to  measure  the 
rate  of  change  of  the  field  in  this  area 
(figure  3). 

-  Thunderstorm  Detection  Measurement  -  Storm 
detection  equipment  has  been  installed  on  the 
aircraft,  primarily  to  aid  in  vectoring  the 
aircraft  towards  thunderstorms.  The  data  has 
been  recorded  on  a  digital  recorder. 

-  Television  Monitor  System  -  A  television 
video  system  will  be  installed  to  continu¬ 
ously  monitor  both  wing  tips  and  the  top  of 
the  aircraft. 

-  Turbulence  Measurements  -  A  turbulence 
measurement  system  will  be  installed  on 

the  aircraft  to  record  the  actual  turbulence 
experienced  by  the  aircraft. 

Research  Measurements 

D-Dot,  B-Dot,  and  I-Dot  are  the  measurements 
of  choice  as  determined  by  a  group  of  technical 
experts  representing  industry,  academe,  and 
government.  D-Dot  is  related  to  rate  of  change  of 
electric  field.  I-Dot  is  rate  of  change  of  strike 
current  to  the  boom;  and  B-Dot  is  rate  of  change 
of  magnetic  flux  density.  The  mnplitude  ranges 
are  based  on  a  nominal  strike  with  10,000  amperes 
and  500,000  volts  per  meter  change  in  0.1  micro¬ 
second.  The  B-Dot  range  corresponds  to  the  D-Dot 
generated  by  the  above  current  at  1-meter  radius 
(table  1). 

o  Turbulence  Measurements  -  A  turbulence  measure¬ 
ment  system  was  installed  on  the  aircraft  to 
record  in  real-time  the  actual  turbulence  the 
aircraft  is  subjected  to  during  the  thunderstorm 
penetrations.  The  system  will  ultilize  a  time 
reference  system  and  output  from  the  Inertial 
Navigation  System  for  data  analysis  purposes 
(figure  7).  4 

Electromagnetic  Sensors 

The  sensors  used  in  the  lightning  instrumentation 
system  sre  derived  from  designs  developed  for 
nuclear  electromagnetic  pulse  measurements.  The 


sensor  response  to  rates  of  change  of  the  light¬ 
ning  electromagnetic  characteristics  (as  opposed 
to  the  current  and  fields,  directly)  accentuates 
the  recording  of  the  higher  frequency  components 
of  the  lightning  process.  Since  the  magnitudes  of 
induced  voltages  (and  currents)  are  proportional 
to  rates  of  change  of  the  lightning  electro¬ 
magnetic  characteristics,  enhanced  definition  of 
the  more  interesting  (from  an  induced  effects 
viewpoint)  portion  of  the  spectrum  is  obtained. 

The  sensor  sensitivity  is  calculated  based  on 
sensor  geometry  and  then  checked  using  a  parallel- 
plate  transmission  line  or  Simula*  type 
calibrator. 


Measurement  Locations 

The  electromagnetic  sensors  are  located  on 
the  aircraft  in  regions  where  the  field  strengths 
are  the  greatest.  Lightning  currents  contain 
frequency  components  high  enough  to  excite  the 
electromagnetic  resonances  of  the  aircraft;  thus; 
the  strongest  fields  occur  at  the  antinode  points 
of  the  resonances.  For  the  lowest  frequency 
resonances,  the  charge,  and  therefore  the  electric 
field  antinodes  occur  at  the  extremities  of  the 
aircraft  and  the  current  and  magnetic  field 
antinodes  occur  at  the  center.  Thus,  the  D-Dot 
sensors  are  located  near  the  ends  of  the  nose, 
tail,  and  wings,  and  the  B-Dot  sensors  are  located 
near  the  center  of  the  fuselage.  Practical 
considerations,  such  as  the  location  of  access 
panels,  dictate  the  exact  sensor  locations 
(figure  3). 

Summary 

In  summary,  this  program  is  expected  to  pro¬ 
vide  both  qualitative  and  quantitative  infromation 
to  expand  the  understanding  of  lightning  phenomena 
and  to  provide  a  data  base  for  establishing  aircraft 
lightning  protection  criteria.  The  data  will  be  in¬ 
valuable  for  the  validation  of  the  lightning  charac¬ 
terization  models  previously  developed. 

The  entire  aircraft  community  will  be  provided 
with  the  data  and  information  needed  to  ensure  that 
the  full  advantages  of  the  rapid  expanding  fields  of 
microelectronics  and  advance  technology  structural 
materials  are  realized. 


TABLE  1.  RESEARCH  MEASUREMENTS 


MEASUREMENT 


AMPLITUDE 

SYMBOL 

RANGE 

SENSOR  TYPE 

Rate  of  Change  of  Electric 
Flux  Density  D 


Flush  Plate 

50  A/m2  Dipole 


Rate  of  Change  of 
Magnetic  Flux  Density 


Multigap 

B  2  X  104  Tesla/sec  Loop 


Rate  of  Change  of 
Current 


I 


1011  A/sec 


Inductive 
Current  Probe 
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FIGURE  1.  BLOCK  DIAGRAM  OF  ORGANIZATIONS  DISFLAYINC  ADMINISTRATIVE  COUPLING 
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FIGURE  2.  AIRCRAFT  (N49) 


FICURE  3.  SENSOR  LOCATIONS  ON  AIRCRAFT 
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FIGURE  6.  STATIC  FIELD  MILL  MEASUREMENT 


■  LOCK  01  *HICH»rT  INSTBOMOITMtOM 


FIGURE  4.  KING  300“? 


FIGURE  5.  TYPICAL  LIGHTNING  CHARACTERIZATION 
DATA  RETRIEVAL  SYSTEM 


FIGURE  7.  TURBULENCE  SYSTEM 
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Abstract 

A  CV-580  aircraft,  instrumented  with  electromagnetic  field  and  current  sensors,  was  flown  in 
central  Florida  during  the  summer  of  1984.  A  ground  test  site  located  at  the  eastern  tip  of  Cape 
Canaveral  Air  Force  Station  was  also  instrumented  with  electromagnetic  field  sensors.  The  ground 
sensors  were  mounted  on  the  beach  about  80  ft  from  the  ocean.  A  ground  plane  was  extended  from 
the  water  to  the  sensors  so  that  the  fields,  radiated  by  lightning  discharges  over  the  ocean, 
would  propagate  to  the  sensors  without  being  affected  by  ground  conductivity.  Time  code  between 
the  aircraft  and  the  ground  site  was  synchronized  with  an  accuracy  of  one  millisecond. 

Twenty  one  lightning  discharges  attached  to  the  aircraft.  The  electric  and  magnetic  fields 
for  one  of  these  flashes  were  recorded  simultaneously  at  the  aircraft  during  the  direct  strike 
and  at  the  ground  site  68  km  away.  The  airborne  data  show  that  the  aircraft  triggered  an 
intracloud  lightning  discharge  that  lasted  1.2  s  and  consisted  of  an  initial  active  phase  for 
about  40  ms  and  12  large  isolated  pulses  during  the  remainder  of  the  flash.  Some  of  the  pulses 
during  the  initial  active  discharge  and  two  of  the  isolated  pulses  in  the  aircraft  were 
correlated  with  the  radiated  fields  measured  at  the  ground  site. 


INTRODUCTION 


During  1984  a  Federal  Aviation  Administration 
(FAA)  Convair  580  (CV-580)  aircraft  was  instrumented 
to  measure  the  electromagnetic  fields  and  currents 
produced  by  lightning  attachment  to  the  aircraft. 
The  aircraft  was  flown  in  central  Florida  near  and 
inside  active  thunderstorms  at  altitudes  between 
2,000  and  18,000  ft  and  regions  of  precipitation 
radar  returns  less  than  40  dBz.  The  aircraft  was 
instrumented  externally  with  five  magnetic  field 
sensora,  five  electric  field  sensors,  two  current 
shunts,  and  two  VHF  antennas.  Internally,  three 
clip-on  current  probes  were  uaed  to  determine  induced 
transients  on  aircraft  wirea  and  a  wire  loop  was 
monitored  to  measure  induced  voltages  due  to  aperture 
coupling.  Twenty  eight  channels  of  continuous  analog 
data  with  a  2  MHz  bandwidth  in  the  direct  channels 
and  500  kllz  bandwidth  in  the  FM  channels  were 
recorded  in  the  aircraft.  Six  Tektronix  7612 
waveform  digitizers  with  a  sample  rate  of  5  ns  and 
two  channels  of  2048  samples  were  also  used  in  the 
aircraft. 


also  recorded  by  using  two  7612  waveform  digitizers. 
In  this  paper  we  analyze  the  simultaneous  electric 
and  magnetic  field  records  from  the  aircraft  and  the 
ground  station  during  a  lightning  strike  to  the 
aircraft  on  5  Sept  84  at  23:30:36. 


AIRCRAFT  INSTRUMENTATION 


Figure  1  shows  the  location  of  the  external 
sensors  mounted  on  the  skin  of  the  ai.'craft.  Five 
surface  current  rate  of  change  sensors  designated  as 
Js  were  mounted  on  the  aircraft  at  the  forward  upper 
fuselage  (J  ),  aft  upper  fuselage  (J  •  bot,:om 
left  wing  bottom  right  wing  <JSBRljT .  and  top 

left  wing  ‘  T Je-m  ip  •  Five  displacement  current 
aensors  designated  as  J  were  mounted  on  the  left 
wing  tip  (J„IUT),  right  wing  tip  U„RUX) .  t°P  r;ght 
wing  (JNTRW“.  forward  upp»r  fuselage  (-’NFlIFK  and 
vertical  stabilizer  (J  _) .  One  current  shunt  was 


mounted  on  each  wing 


ti?Vfl 


and  I,,,). 


A  ground  station  waa  placed  at  the  eastern  moat 
tip  of  the  Cape  Canaveral  Air  Force  Station,  Florida 
to  record  the  electric  and  magnetic  fields  produced 
by  the  lightning  diachargea  that  attached  to  the 
aircraft.  Four  flush  plate  dipole  electric  field 
antennas  and  two  magnetic  field  loop  antennas  were 
uaed  to  detect  the  electric  and  magnetic  fields 
produced  by  distant  lightning  flashes  which  might 
attach  to  the  aircraft.  The  electric  and  magnetic 
field  signals  were  recorded  continuously  in  an  analog 
recorder  with  a  2  MHz  frequency  response.  The 
derivatives  of  the  electric  and  magnetic  fields  were 


All  the  surface  current  rate  of  change  sensors 
except  the  one  mounted  on  the  top  left  wing  (Jsxlw) 
were  designed  by  EGSG  (1).  The  EG4C  J„  sensors  were 
a  modified  version  of  the  radial  Multi-Gap  Loop  (MGL) 
ground  plane  B-dot  Model  5  (MGL-5).  This  type  of 
sensor  has  an  equivalent  area  of  0.001  mJ,  a 
frequency  response  in  excess  of  700  MHz  and  a 
riaetime  of  0.5  ns.  The  J  sensor  was  designed  in 
France  and  provided  by  the  iftfice  National  d'Edudes 
et  de  Rec'nerches  Aeroapatiales  (ONERA) .  The  physical 
dimenaiona  and  shape  of  the  French  sensor  were 
comparable  to  the  MGL-5  senaor. 
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Fig.  1.  CV-580  Transient  electromagnetic  sensor 

locations  (Arrows  indicate  direction  of 
positive  current  flow). 


All  the  displacement  current  rate  of  change 
sensors  except  the  one  mounted  on  the  top  right  wing 
^NTRlP  w®re  designed  by  .EGAG  (1).  The  ^vrut' 
ancT  J^vs  were  the  EGAG1  Flush  Plate  dipole  ?FP6) 
sensors  with  an  equivalent  area  of  .01  m2 .  The  J  „ 
was  the  same  design  but  with  an  equivalent  area  ot 
.005  m2 .  These  EGSG  sensors  have  a  frequency 
response  in  excess  of  350  MHz  and  a  risetime  of  1  ns. 
The  J»rTRW  sensor  was  designed  in  France  and  provided 
by  ONERA  for  this  project.  The  French  sensor  was  a 
Hollow  Spherical  Dipole  (HSD)  capable  of  detecting 
fields  between  100  V/m  and  316  kV/m  with  a  frequency 
response  from  100  He  to  130  MHz.  and  a  risetime  of 
3.5  ns. 


The  outputs  of  the  surface  and  displacement 
current  rate  of  change  sensors  were  integrated  and 
recorded  in  a  28  channel  Honeywell  101  analog 
recorder.  With  the  exception  of  the  JRF1,p  sensor, 
the  Jg  and  J  sensors  were  integrated  using  a  3.13  ms 
time  constant  and  recorded  on  direct  channels  of  the 
analog  recorder  (400  Hz  to  2  MHz  response)  with  a  40 
dB  dynamic  range.  The  J  F  F  sensor  output  was 
integrated  using  a  220  ms  time  constant  and  recorded 
on  three  different  channels.  Two  outputs  with 
different  ranges  were  recorded  on  FM  modules  of  the 
analog  recorder  with  a  frequency  response  from  DC  to 
500  kHz  and  the  third  output  was  monitored  on  a  strip 
chart  recorder.  The  electric  field  measurement  range 
for  the  J  J  ,  and  J  was  from  4  kV/m  to  1 
MV/m  and  Tor  the  J  was  Yrom  22.5  kV/m  to  2.25 
MV/m.  These  electric  Yield  ranges  were  obtained  from 
the  integrated  data  in  the  analog  recorder  assuming 
the  permittivity  of  free  space.  Similarly,  the 
magnetic  field  measurement  range  for  the  J  ,  JSAF> 
J_R_U,  and  JcRIU  “«s  from  48  A/m  to  4BTI0  A/m, 
assuming  the  permeability  of  free  space. 


intervals  of  no  more  than  two  feet  throughout  the 
aircraft  to  reduce  coupling  from  electromagnetic 
fields.  The  splitters,  attenuators,  amplifiers, 
buffers,  and  integrators  were  located  inside  the 
signal  conditioner  panel. 

A  six  channel  Gould  ES1000  electrostatic  strip 
chart  recorder  was  operated  continuously  during 
flight.  The  integrated  channel  of  the  i*16  tw0 
wing  tip  currents  the  aircraft  time  code,  and  a 
trigger  signal  were  monitored  in  the  six  channels. 
The  J  integrated  signals  monitored  on  the  strip 
chart  were  sensitive  to  transient  electric  fields  at 
the  aircraft  produced  by  lightning  flashes  within  a 
few  kilometers  of  the  aircraft. 

GROUND  STATION  INSTRUMENTATION 

A  US  Air  Force  instrumentation  trailer,  12  ft 
high  and  36  ft  long,  was  located  at  Cape  Canaveral 
Air  Force  station  about  100  ft  from  the  ocean.  Four 
flush  plate  dipole  electric  field  antennas  and  two 
magnetic  field  loop  antennas  were  used  to  detect  the 
electric  and  magnetic  fields  produced  by  distant 
lightning.  These  antennas  were  located  on  the  beach 
about  70  ft  from  the  trailer.  The  signals  from  the 
antennas  were  transmitted  through  conduit  to  the 
instrumentation  trailer.  An  80x20  ft2  aluminum  wire 
mesh  extending  into  the  ocean  for  20  ft  was  built  to 
provide  a  highly  conductive  path  from  the  ocean  to 
the  sensors. 

The  signals  from  the  electric  and  magnetic  field 
antennas  were  integrated  and  recorded  in  a  Bell  A 
Howell  3700B  analog  recorder  using  channels  with 
different  gains  to  increase  the  dynamic  range.  The 
overall  dynamic  range  of  the  system  was  from  2  V/m  to 
100  kV/m  for  the  electric  field  and  0.02  to  5  A/ra  for 
the  magnetic  field.  All  the  ground  field  data 
presented  in  this  paper  was  recorded  in  direct 
channels  with  a  frequency  response  from  400  Hz  to  2 
MHz.  IRIG  B  timing  data  available  at  the  Cape 
Canaveral  AFS/Kennedy  Space  Center  complex  was  made 
available  at  the  ground  site,  recorded  on  the  analog 
recorder  and  the  strip  chart  and  transmitted  to  the 
aircraft  during  the  first  few  minutes  of  flight.  The 
aircraft  was  synchronized  to  the  1  kHz  carrier  in  the 
IRIG  B  signal  and  time  correlation  better  than  one 
millisecond  was  maintained  during  the  duration  of  the 
flight. 

CORRELATED  AIRBORNE  AND  GROUND  DATA 

On  5  Sept  84  at  23:30:36  Z,  the  CV-580  aircraft 
was  struck  by  lightning  while  flying  about  68  km 
south  of  the  ground  site.  The  aircraft  was  flying  in 
clouds  in  an  area  of  slight  turbulence.  Figure  2 
shows  a  mapping  of  the  precipitation  returns  as 
measured  by  the  Daytona  Beach,  Florida  weather  radar 
station.  The  black  areas  indicate  regions  of 
precipitation  returns  in  excess  of  about  30  dBz.  The 
inner  circle  corresponds  to  a  radius  of  25  nautical 
miles.  The  location  of  the  aircraft  and  the  ground 
site  are  shown  as  A  and  G,  respectively,  on  the 
weather  radar  picture.  At  the  time  of  the  strike  the 
aircraft  was  flying  at  an  altitude  of  18,000  ft  with 
an  outside  air  temperature  of  -3*C. 


A  solid  shield  semi-rigid  0.25  inch  dia'jeter 
heliax  cable  FSJ1-50  was  used  to  carry  the  signals 
from  the  external  Jg,  J,,,  and  I  sensors  to  the  signal 
conditioner  panels;  The  corrugated  solid  copper 
outer  conductor  of  the  heliax  cables  was  grounded  at 


Figure  3  shows  some  of  the  analog  data  recorded 
in  the  aircraft  and  on  the  ground  site  during  the 
beginning  of  the  discharge.  The  top  six  traces  were 
played  back  from  the  analog  recorder  on  the  aircraft, 
whereas  the  bottom  four  traces  show  some  of  the 
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repetition  rate  reaches  a  maximum  of  about  103 
pulses/sec.  This  variable  pulse  repetition  rate 
probably  occurs  due  to  the  discharging  of  many 
pockets  of  charges  during  the  initial  active  phase 
(3)  of  the  intracloud  discharge.  The  first  pulse  of 
the  flash  in  the  electric  field  record  at  the  ground 
site  corresponds  to  the  270  kV/m  to  -550  kV/m 
transient  in  the  forward  fuselage  of  the  aircraft. 


E  FORWARD  - - - 

FUSELAGE  320  KV/M 


/A  jWi*.  /V. 

i',*  £"l"'pw 1 1 s* 


Fig.  2.  Mapping  of  precipitation  returns  for 
the  thunderstorm  as  measured  by  the 
Daytona  Beach,  FI  weather  radar  station. 
A  is  the  location  of  the  aircraft  and  G 
is  the  location  of  the  ground  site.  The 
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simultaneous  far  field  data  on  the  ground  station  68  1 
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km  away.  The  top  trace  i3  the  Integrated 
signal  recorded  on  an  FM  channel.  The  second  trace 
shows  the  time  of  the  trigger  signal  for  the  digital 
data.  The  threshold  level  was  set  to  1500  Teslas/sec 
for  any  of  the  sensors.  The  first  pulse  that 
exceeded  the  threshold  level  for  digital  signal 
acquisition  occurred  4  ms  after  the  initial 
attachment.  The  next  three  signals  correspond  to  the 

integrated  -Wff  ^NLWT’  an<LJNLWT  recorded  direct 
analog  recorder  channels.  The  sixth  signal  from  the 
top  is  the  reference  time  code  recorded  in  the 
aircraft.  The  bottom  four  signals  are,  from  top  to 
bottom,  the  vertical  electric  field,  the  north  and 
east  component  of  the  magnetic  field,  and  IRIG  B  time 
code  signal  from  the  ground  site.  The  small  sirtewave 
in  the  time  signal  has  a  period  of  1  ms. 

The  first  indication  of  the  discharge  is  seen  as 
a  slow  rise  of  the  electric  field  on  the  forward 
upper  fuselage  (E  )  on  the  top  trace  of  Figure  3. 
The  rises  to  320  kV/m  in  about  1.5  ms  then 

decays  slightly  to  270  kV/m  in  the  next  0.5  ms  before 
undergoing  a  field  change  from  270  kV/m  to  -550  kV/m 
in  0.1  ms.  This  large  field  change  corresponds  to 
the  time  of  the  lightning  attachment  to  the  aircraft. 
The  slow  positive  electric  field  change  in  the  E 
prior  to  the  discharge  indicates  a  variation  in  the 
charge  near  the  aircraft.  Assuming  an  average  leader 
velocity  of  1.5x10  m/s  (2),  the  initial  1.5  ms  field 
change  will  correspond  to  a  leader  propagation  of  300 
meters.  It  appears  that  the  aircraft  triggered  the 
discharge  by  flying  about  300  m  from  a  charge  center. 
If  a  faster  propagation  velocity  of  10”  m/s  is 
assumed,  the  leader  would  have  to  propagate  1.5  km 
before  aircraft  attachment.  In  that  case  the 
aircraft  would  have  intercepted  the  discharge.  On 
the  contrary,  for  slower  leader  velocity  the  radius 
of  aircraft  influence  might  be  only  100  or  200  m. 
For  the  first  40  ms  after  the  initial  attachment, 
there  are  a  large  number  of  pulses  flowing  throughout 
the  aircraft  as  shown  in  Figure  3.  The  pulse 
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Fig  3.  Simultaneous  displays  of  the  analog  records 
during  the  beginning  of  the  lightning 
flash.  The  top  six  traces  were  recorded 
in  the  aircraft  and  the  bottom  four  traces 
were  recorded  at  the  ground  site. 
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There  are  three  other  significant  pulses  on  the 
ground  site  with  a  magnitude  of  at  least  twice  the 
noise  level  of  the  recorder  during  the  first  few 
milliseconds.  The  largest  of  these  pulses  occurs 
about  2  ms  after  the  initial  lightning  attachment. 

Figures  4(a)-(d)  show  simultaneous  electric 
field  data  in  a  one  millisecond  window  recorded  in 
the  aircraft  analog  recorder  at  the  time  of  the 
initial  attachment.  Figure  4(a)  shows  the  270  kV/m 
to  -550  kV/m  transient  on  the  forward  fuselage 
electric  field  record  at  the  time  of  the  initial 
attachment.  Figures  4(b),  (c) ,  and  (d)  show  the 
electric  field  on  the  vertical  stabilizer,  right 
wingtip,  and  left  wingtip  during  the  same  period. 
The  first  large  transient  in  the  electric  field 
record  is  about  100  kV/m  and  occurs  about  245  us  from 
the  beginning  of  the  window  of  the  vertical 
stabilizer  data  on  Figure  4(b).  The  vertical 
stabilizer  sensor  measures  the  horizontal  component 
of  the  electric  field  and,  during  this  transient,  tbe 
right  wingtip  electric  field  record  shows  a  field 
change  of  about  65  kV/m  with  no  correlated  data  on 
the  left  wingtip.  These  data  show  that  there  may 
have  been  a  primarily  horizontal  discharge  from  the 
vertical  stabilizer  to  the  right  hand  side  of  the 
aircraft  before  the  larger  electric  field  change  on 
the  forward  fuselage. 

Figure  5  shows  a  one  millisecond  expansion  of 
the  left  wingtip  electric  field  analog  data  starting 
1.2  ms  after  the  large  electric  field  transient  in 
Figure  4(d).  This  figure  is  shown  to  illustrate  the 
variable  structure  of  the  pulse  trains  during  the 
initial  lightning  attachment.  During  the  1984 
program,  pulses  with  30  ns  risetime  and  a  few  hundred 
nanoseconds  pulse  width  were  recorded  in  the  digital 
system  (4).  However,  many  of  the  pulses  have  a  much 
slower  risetime  and  wider  pulse  width.  The  first 
pulse  at  the  beginning  of  Figure  5  has  a  risetime  of 
15  us  and  a  pulse  width  of  30  us.  However,  the  first 
pulse  risetime  is  not  shown  in  the  picture.  The 
second  wide  pulse  has  a  risetime  of  50  ps  and  a  pulse 
width  of  200  us.  The  third  pulse  has  a  risetime  and 
pulse  width  of  40  us.  Finally  at  the  end  of  the  one 
millisecond  window  there  is  another  pulse  with  a 
risetime  of  20  us  and  pulse  width  of  about  40  us. 
The  pulse  width  of  the  last  pulse  is  not  fully  shown 
in  the  figure.  None  of  these  wider  pulses  appear  to 
be  bandlimited  by  the  2  MHz  frequency  response  of  the 
analog  recorder  channel.  During  this  one  millisecond 
expansion  the  pulse  repetition  rate  is  4x10s 
pulses/sec;  however,  over  a  wider  window  in  the 
active  region  the  pulse  rate  is  closer  to  10s 
pulses/sec.  The  measured  pulse  width  is  related  to 
the  length  of  the  channel  and  the  velocity  of  the 
wave  attachingjto  the  aircraft.  Assuming  a  leader 
velocity  of  10  m/s  the  channel  lengths  neutralized 
by  these  four  pulses  were  300,  2,000,  400,  and  400 
meters,  respectively.  However,  the  channel  length 
could  have  been  much  smaller  if  we  acaume  a  faater 
leader  velocity. 

Figures  6(a)-(d)  show  a  102  us  window  of  a  fast 
transient  pulse  that  occurred  438  ms  after  the 
beginning  of  the  Initial  lightning  attachment.  The 
pulse  is  bandlimited  by  the  analog  recorder  system. 
Figure  6(a)  showa  a  260  kV/m  electric  field  transient 
at  the  forward  fuselage  which  is  bandlimited  by  the 
500  kHz  bandwidth  of  the  FM  channel.  Figures 
6(b), (c),  and  (d)  ahow  simultaneous  electric  field 
transients  of  -100  kV/m,  -140  kV/m,  and  -70  kV/m  on 
the  vertical  stabilizer,  right  wingtip,  and  left 
wingtip,  respectively.  Figures  6(b), (c),  and  (d)  are 
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Fig  4.  Simultaneous  analog  data  recorded  in  the 
aircraft  over  a  one  millisecond  window  at 
the  beginning  of  the  lightning  discharge. 

(a)  Electric  field  on  forward  upper  fuse¬ 
lage, (b)  Electric  field  on  the  vertical 
stabilizer, (c)  Electric  field  on  the  right 
wlng,(d)  Electric  field  on  left  wing, 

bandlimited  to  the  2  MHz  frequency  response  of  the 
direct  record  channels.  These  Isolated  pulses  during 
the  Junction  phase  of  the  intracloud  discharge  are 
often  larger  and  faster  than  the  pulses  during  the 
initial  aircraft  lightning  attachment. 

Figure  7  shows  some  of  the  analog  records  for 
the  1.2  sec  duration  of  the  flash.  After  the  initial 
leader  and  aircraft  lightning  attachment,  there  was 
an  active  discharge  phase  that  lasted  about  40  ms 
with  at  least  42  pulses  larger  than  twice  the  noise 
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Fig  5. 


Fig  6 
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One  millisecond  time  window  of  the  elec¬ 
tric  field  on  the  left  wing  starting  1.2 
ms  after  the  lightning  attachment. 


level.  After  completion  of  the  initial  active 
Period,  there  were  about  20  other  pulses  distributed 
over  the  entire  duration  of  the  flash.  The  pulse 
during  the  beginning  of  the  aircraft  attachment,  some 
of  the  pulses  during  the  active  discharge  phase  and 
one  of  the  isolated  pulses  in  the  junction  phase  of 
the  discharge  have  been  presented.  Some  of  the 
pulses  produced  by  the  radiated  fields  on  the  ground 
site  will  now  be  discussed. 

Figure  8  shows  a  204  ps  time  window  of  the 
largest  pulse  measured  at  the  ground  site  at  the  time 
of  the  lightning  attachment.  It  is  impossible  to 
show  simultaneous  pulses  with  a  microsecond 
resolution  between  the  aircraft  and  the  ground  site 
because  the  IRIG  B  reference  is  only  one  millisecond. 
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.  Simultaneous  analog  data  recorded  in  the 
aircraft  over  a  102  ps  window  about  438 
ms  after  the  beginning  of  the  discharge, 
(a)  Electric  field  on  forward  upper  fuse- 
lage,(b)  Electric  field  on  the  vertical 
stabilizer,  (c)  Electric  field  on  the  right 
wlng,(d)  Electric  field  on  left  wing. 


Figures  8(a),(b),  and  (c)  show  the  simultaneous 
vertical  electric  field  and  the  two  directions  of  the 
magnetic  field  records  for  the  largest  electric  field 
pulse  of  the  Intracloud  discharge.  This  pulse 

occurred  about  3  ms  after  the  initiation  of  the 
discharge  and  is  the  largest  pulse  on  the  seventh 
trace  from  the  top  in  Figure  3.  The  electric  field 
transient  was  13  V/m  and  the  correlated  magnetic 
field  transients  were  0.459  A/m  and  1.095  A/m  in  the 
North-South  and  East-West  directions,  respectively. 
Since  the  aircraft  lightning  attachment  occurred  over 
lard  about  68  km  south  of  the  ground  site,  most  of 
the  radiated  fields  produced  by  the  discharge  were 
attenuated  by  the  ground  propagation.  The  pulse 
shape  of  the  electric  and  magnetic  fields  measured 
for  this  flash  has  similar  characteristics  to  those 
reported  by  Weidman  and  Krider  (1979),  and  Krider  et 
al  (1975),  (4)  and  (5).  However,  their  typical 

electric  field  magnitude  for  flashes  between  15  and 
30  km  was  20  to  25  V/m  (4).  The  reported  (5) 
magnitudes  of  the  magnetic  flux  density  fojj 
intracloud  flashes  within  50  km  were  5  to  10x10 
Teslas.  The  pul^e  In  Figure  8  has  magnetic  fields  of 
14x10  and  6x10  Teslas.  This  intracloud  discharge 
had  a  much  larger  electric  field  level  than  would  be 
obtained  by  extrapolating  Weidman  and  Krider' s  and 
Krider  et  al's  results  for  this  distance.  Some 
simultaneous  radiated  fields  were  also  measured  on 
the  ground  site  during  the  isolated  pulses  of  the 
junction  phase  of  the  intracloud  discharge. 
Therefore,  it  is  very  clear  that  the  lightning 
discharge  that  attached  to  the  aircraft  was  a  large, 
intracloud  discharge. 

CONCLUSION 


We  have  presented  simultaneous  analog  data  on  an 
aircraft  and  at  a  ground  site  68  km  away  for  an 
Intracloud  lightning  discharge  that  attached  to  the 
aircraft.  It  is  shown  that  this  discharge  is  larger 
than  the  typical  intracloud  discharge  data  presented 
in  the  literature.  This  is  an  important  point 
because  there  have  been  some  claims  reported  at 
previous  conferences  thst  the  lightning  attachment  to 
the  aircraft  might  be  produced  by  a  "baby  lightning”, 
which  implies  a  small  discharge  around  the  aircraft. 
This  is  not  the  case  for  this  flash  and  our  analysis 
indicates  that  this  does  not  appear  to  be  the  case 
for  any  of  the  lightning  discharges  that  attached  to 
the  CV-580  aircraft  during  the  1984  summer  program. 

It  is  also  evident  from  the  analog  records  that 
there  are  two  different  phases  during  the  Intracloud 
discharge  as  measured  in  the  aircraft  during 
lightning  attachment:  the  initial  and  very  active 
discharge  phase  with  a  pulse  repetition  rate  of  about 
10s  pulses/sec  and  duration  near  40  ms  and  the 
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Fig  7.  Simultaneous  displays  pf  six  of  the  analog  records  in  the  aircraft  during  the  lightning  discharge. 


junction  phase  which  is  characterized  by  isolated 
pulses.  The  largest  pulses  in  the  Intracloud 
discharge  are  usually  found  in  this  junction  phase. 
The  risetime  of  the  pulses  in  the  discharge  can  be 
faster  than  the  350  ns  step  response  of  the  analog 
recorder  or  as  slow  as  100  ps.  The  pulse  width  of 
the  pulses  in  the  discharge  can  also  be  quite 
variable  and  narrower  than  recorder  bandwidth  or  as 
wide  as  several  hundreds  microseconds.  We  have 
related  the  width  of  the  pulse  to  the  length  of  the 
lightning  channel. 

We  also  analyzed  the  Initiation  of  the  discharge 
by  examining  the  electric  field  data  obtained  with  a 
220  ms  integration  constant  and  recorded  in  a  channel 
with  a  DC  frequency  response.  From  this  data  it 
appears  that  the  aircraft  triggered  the  discharge  by 
flying  within  300  m  from  an  active, charge  center.  If 
the  leader  velocity  is  near  1.5x10  m/s,  it  is  highly 
likely  that  an  Intracloud  discharge  was  about  to 
happen  in  the  next  few  seconds  and  the  aircraft  just 
happened  to  be  the  triggering  source  by  enhancing  the 
field  in  the  proximity  of  the  charge  center. 
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Abstract  - 

This  paper  presents  a  characterisation  of  lightning  attachment  to  aircraft  on  the  basis  of  a 
large  amount  of  data  collected  during  the  C-130  1981  program  (2  strikes),  the  CV-580  1984  program 
(21  strikes),  and  the  0160  Landes  program  (18  strikes).  These  data  were  collected  in  Florida 
(0130  and  CV-580)  and  in  France  (0160)  at  altitudes  ranging  from  2000  to  18000  ft.  The 
parameters  being  characterized  are  the  variations  of  the  currents  and  the  electric  and  magnetic 
fields  on  the  aircraft  surface  during  aircraft  lightning  attachment. 

The  analog  data  for  the  electric  and  magnetic  fields  during  lightning  attachment  are  similar 
for  all  the  flashes.  Lightning  attachment  to  the  aircraft  appears  to  be  initiated  by  a  leader 
process  which  lasts  about  one  or  two  milliseconds.  This  process  is  usually  followed  by  a  fast 
pulse  similar  to  those  of  ground  return  strokes.  After  this  initial  pulse,  there  is  a  very 
active  period  of  20  to  60  milliseconds  which  is  characterized  by  a  pulse  repetition  rate  of  1000 
pulses  per  second.  The  remainder  of  the  flash  contains  isolated  pulses  similar  to  those  obtained 
during  the  final  or  junction  phase  of  Intracloud  discharges. 

Typical  pulse  structures  and  the  pulse  repetition  rates  are  described  Including  the  fine 
structure  of  some  large  pulses  obtained  with  a  5  ns  sampling  rate  for  some  flashes.  These  pulses 
show  evidence  of  resonances  due  to  the  aircraft  geometry. 


INTRODUCTION 

In  May  1982  the  IEEE  Transactions  on 

Electromagnetic  Compatibility  published  a  special 
issue  on  lightning  and  its  Interaction  with 

Aircraft.  The  articles  in  this  volume  contain  a 
discussion  of  the  lightning  phenomenon,  its 

interaction  with  the  aircraft  and  the  various 

aspects  of  lightning  protection.  These  articles 
constitute  a  turvey  of  the  body  of  knowledge  in  this 
area  of  research.  The  paper  "Triggered  Lightning" 
(1)  published  in  this  issue  contains  an  excellent 
discussion  of  the  aircraft  lightning  interaction  and 
summarizes  the  data  collected  during  the  various 
lightning  research  programs  through  1981. 

Since  1981  s  significant  amount  of  lightning 
attachment  data  has  been  collected  and  analyzed  in 
four  research  programs  in  the  VC-130,  CV-580,  C-160, 
and  the  F-106  aircraft.  This  paper  summarizes  some 
of  the  data  collected  in  the  first  three  programs. 
These  aircraft  were  flown  at  altitudes  between  2,000 
and  20,000  ft  near  and  on  the  edges  of  active 
thunderstorms.  There  are  many  similarities  among 
the  data  collected  in  different  flashes  for  the  same 
aircraft  and  among  the  three  types  of  aircraft  to 
derive  some  conclusions  about  the  overall 
characteristics  of  the  aircraft  lightning  attachment 
process.  Specifically,  we  have  analyzed  the  analog 
data  collected  during  the  initial  attachment  of 
lightning  to  the  aircraft  and  the  digital  pulse 
structure  during  the  flash. 


LIGHTNING  INITIATION 


change  sensors,  five  displacement  current  rate  of 
change  sensors  and  two  current  sensors(2).  The 
aircraft  was  flown  in  central  Florida  between  11 
July  and  5  Sept  84.  The  surface  current  and 
displacement  current  sensor  readings  were 
proportional  to  the  rate  of  change  of  the  magnetic 
and  electric  field,  respectively.  The  outputs  of 
all  the  electromagnetic  field  .sensors  were 
Integrated  and  recorded  in  a  wideband  analog 
recorder.  Whenever  the  derivative  output  of  the 
electromagnetic  field  sensors  exceeded  a  preset 
threshold  level,  a  window  of  10.24  us  was  ac  ,uired 
with  a  sample  every  5  ns.  The  combination  of  the 
high  resolution  digital  data  for  specified  intervals 
and  the  lower  frequency  resolution  analog  data 
provided  information  on  the  processes  during 
lightning  attachment  to  the  aircraft. 

We  studied  the  forward  fuselage  electric  field 
records  during  the  beginning  of  all  the  lightning 
attachments  to  the  CV-580  aircraft  for  which  analog 
data  was  recorded.  This  sensor  Instrumentation  was 
designed  to  record  electric  field  between  22.5  kv/m 
snd  2.25  MV/m.  Figure  1  shows  a  block  diagram  of 
the  sensor  instrumentation.  The  input  signal  to  the 
0.005  m1  area  sensor  was  integrated  with  a  220  ms 
time  constant,  split  into  two  channels  to  increase 
the  dynamic  range  and  recorded  in  two  FM  channels  of 
the  Honeywell  101  analog  recorder  with  a  frequency 
response  from  DC  to  500  kHz.  This  sensor  does  not 
detect  electrostatic  fields,  but  with  this  long  time 
constant  it  can  measure  a  very  slowly  varying  field. 
A  positive  field  change  on  the  recorder  corresponds 
to  the  lowering  of  negative  charge  for  an  identical 
field  instrumentation  on  a  ground  site. 


Overall  Characteristics.  Figures  2,  3,  and  4  show  the  electric  field 

During  1984  the  CV-580  aircraft  was  measured  on  the  forward  fuselage  and  recorded  on  the 

Instrumented  with  five  surface  current  rate  of  analog  recorder  during  the  beginning  of  the 
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Fig  1.  Block  diagram  of  the  forward  upper 
fuselage  electric  field  sensor  used 
in  the  CV-580  aircraft. 


lightning  discharge.  Figure  2  shows  the  electric 
field  during  the  initiation  of  10  different 
lightning  discharges.  The  horizontal  scale  for  all 
flashes  is  3  ms  per  division  and  the  vertical  scale 
is  320  kV/m  per  division.  Figures  2(a)  and  (b) 
occurred  11  July  84  at  an  altitude  of  about  14,000 
ft  prior  to  the  beginning  of  the  discharge,  the 
electric  field  is  saturated  in  the  positive 
direction  indicating  negative  charge  on  the 
aircraft.  All  the  lightning  strikes  in  Figure  2 
were  obtained  with  the  aircraft  flying  at  either 
14,000  or  18,000  ft  with  an  outside  air  temperature 
between  5°C  and  -7eC.  Figures  2(c)-(j)  start  from 
zero  electric  field.  During  the  beginning  of  all 
ten  flashes  there  is  a  slow  negative  electric  field 
change  lasting  about  2  ms  followed  by  a  positive, 
faster  field  change.  The  attachment  to  the  aircraft 
occurs  during  the  positive,  faster  field  change. 
Figures  2(c)-(j)  were  obtained  at  the  beginning  of 
eight  different  lightning  attachments  on  13  July, 
7  Aug,  and  5  Sep  84.  For  flashes  2(c)-(j)  there  was 
no  indication  in  any  of  the  sensors  being  recorded 


Fig  2.  Forward  fuselage  electric  field  measurements  during  the  initiation  of  10  different  lightning 
discharges.  The  horizontal  scale  is  3  ms  per  division.  The  vertical  scale  is  320  kV/m. 
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that  a  flash  was  going  to  occur  prior  to  the 
negative-going  field  change.  The  slow  negative 
field  change  in  the  10  flashes  represents  a 
variation  of  the  charge  near  the  aircraft  produced 
by  a  leader  propagation.  Even  though  the  leader 
velocity  is  not  known,  the  short  duration  of  the 
negative  leader  prior  to  the  discharge  probably 
indicates  that  the  distance  over  which  the  leader 
propagated  did  not  exceed  300  m.  The  presence  of 
the  aircraft  in  a  highly  electrified  field  is 
sufficient  to  enhance  the  ambient  electrostatic 
field  to  a  level  where  breakdown  occurs.  All  the 
ten  aircraft  lightning  attachments  in  Figure  2 
appear  to  be  triggered  by  the  presence  of  the 
aircraft.  All  these  flashes  show  about  the  same 
leader  duration  indicating  about  the  same  distance 
from  a  high  electric  field  region  within  the  cloud. 

Figure  3  shows  the  same  type  of  data  with  three 
other  lightning  strikes  on  the  aircraft  while  flying 
at  18,000  ft.  Figure  3(a)  corresponds  to  a  strike 
on  7  Aug  84  and  Figures  3(b)  and  (c)  were  recorded 
on  5  Sept  84.  Figure  3(a)  shows  a  variation  of  the 
electric  field  on  the  aircraft  surface  for  over  30 
ms  prior  to  the  lightning  attachment.  Figure  3(b) 
shows  a  variation  of  the  rate  of  change  of  the  field 
for  about  15  ms  prior  to  the  discharge.  Finally, 
Figure  3(c)  shows  a  leader  change  for  at  least  3  ms 
prior  to  attachment.  The  traces  shown  in  Figures 
3(a)  and  3(b)  are  substantially  different  than  those 
in  Figure  2.  The  fact  that  there  is  a  substantial 
field  change  between  3  and  30  ms  prior  to  the 
attachment  appears  to  indicate  that  the  aircraft  did 
not  trigger  these  discharges.  Probably  the  aircraft 
intercepted  a  branch  of  a  propagating  lightning 
discharge  Instead  of  Initiating  the  discharge  as  it 
appears  to  have  done  in  the  cases  in  Figure  2. 

Figure  4  shows  the  forward  fuselage  field 
change  during  an  aircraft  lightning  attachment  at 
4,000  ft.  The  aircraft  was  just  above  the  bottom  of 
the  cloud,  which  was  estimated  at  3,500  ft.  This 
discharge  has  different  characteristics  than  the  13 
flashes  shown  in  Figures  2  and  3.  First,  a  negative 
electric  field  change  is  detected  for  at  least  5  ms, 
showing  a  leader  propagation,  then  the  attachment 
occurs.  The  only  three  fact  pulses  in  the  flash  are 
shewn  in  Figure  4,  Unlike  the  other  flashes  where 
significant  field  changes  are  detected  for  hundreds 
of  milliseconds  after  the  initial  attachment,  most 
of  the  charge  transfer  in  this  flash  occurred  in  the 
first  tens  of  milliseconds.  We  could  not  confirm 
that  this  flash  hit  the  ground.  If  the  flash  was  a 
cloud-to-ground  discharge,  it  probably  consisted  of 
only  one  return  stroke.  If  the  discharge  did  not 
make  ground  contact,  it  was  a  natural  Intracloud 
discharge  in  the  lower  levels  of  the  clouds  and 
transferred  a  small  amount  of  charge.  In  any  case, 
the  long  leader  indicates  that  the  aircraft  did  not 
trigger  the  lightning  discharge. 

Figure  5  shows  the  current  flow  on  the  left 
wing  tip  and  the  electric  field  on  the  right  wing 
and  the  vertical  stabiliser  during  the  first  100  ms 
of  a  flash  7  Aug  84  at  18,000  ft  in  the  CV-580 
aircraft.  The  forward  fuselage  electric  field  for 
the  first  few  milliseconds  of  this  flash  is  shown  in 
Figure  2(e).  According  to  our  interpretation  of  the 
data,  this  flash  was  probably  triggered  by  the 
aircraft.  The  flash  lasted  460  ms  and  transferred  a 
charge  of  about  10C  coulombs  through  the  aircraft. 
The  continuing  current  flow  during  the  initial  phase 
of  the  discharge  shown  In  Figure  5(a)  was  about  250 
A  and  the  charge  transferred  was  30  C.  There  were 


Fig  3.  Forward  fuselage  electric  field  measure¬ 
ments  during  the  Initiation  of  3  different 
lightning  discharges.  The  horizontal  scale 
is  3  ms  per  division.  The  vertical  scale 
is  320  kV/ra. 


Fig  4.  Forward  fuselage  electric  field  measure¬ 
ment  during  an  aircraft  lightning 
attachment  at  40,000  ft.  The  horizontal 
scale  is  3  ms  per  division.  The  vertical 
scale  is  80  kV/m. 


262 


P.L.  Rustan  et  at. 


kA 


(a) 


kv/a 
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(c) 

Fife  5.  Current  flow  on  the  left  wlngtip(a),  and 
electric  field  on  the  right  wing  (b),  and 
vertical  stabilizer  (e)  during  the  first 
100  d«  of  a  lightning  attachment  to  the 
CV-SbC  aircraft. 

many  current  pulaea  superimposed  on  tha  continuing 
current  and  the  largaet  currant  pulaa  msasurad  was 
1.8  kA.  However,  after  completion  of  the  summer 
experiment,  burn  epote  vara  noted  near  tha  currant 
shunt  due  to  arcing  of  the  current  In  tha  channal. 
Our  laboratory  axpe  leant  ehoved  that  the  Inductance 
in  tha  currant  shunt  circuit  wae  t(^o  large  to 
measure  rata  of  rlae  larger  than  to'  A/a.  The 
current  ehunt  measured  correctly  th^  continuing 
currant  levels  but  was  limited  to  10'  A/s  in  the 
dlecreta  currant  puleee  before  arcing  occurred. 
Figures  5(b)  and  5(c)  show  the  simultaneous  records 
of  tha  electric  field  on  the  right  wing  and  the 
vertical  stabilizer  for  this  flash.  There  ara 
simultaneous  electric  field  puleee  on  tha  right  wing 


and  the  vertical  stabilizer  for  all  the  discrete 
current  pulses  detected  on  the  left  wing,  but  there 
are  many  other  field  pulses  which  do  not  have  large 
correlated  current  pulses.  The  largest  electric 
field  change  pulse  durJ~g  the  first  100  ms  was  171 
kV/m  at  the  vertical  staDilizer  during  the  beginning 
of  the  discharge.  However,  the  largest  field 
changes  in  the  flash  occur  during  the  isolated 
pulses  near  the  end  of  the  discharge  where  about  250 
kV/m  transients  were  measured  on  both  wingtips  and 
on  the  vertical  stabilizer.  Also  there  is  a 
reversal  of  the  polarity  of  all  the  electric  field 
transients  after  the  first  200  ms  of  the  discharge. 
The  Junction  phase  (3)  of  the  intracloud  discharge 
has  been  characterized  as  containing  large,  isolated 
transients  of  opposite  polarity  as  compared  to 
earlier  stages  of  the  flash. 

Figure  6  shows  the  overall  characteristics  of 
one  of  the  direct  strike  lightning  attachments  on 
the  WC-130  aircraft  at  17,000  ft  in  southern  Florida 
on  17  July  1981  (4).  Figures  6(a)  and  (b)  show  the 
traces  of  the  analog  electric  field  field  on  the 
forward  and  aft  fuselage.  Figures  6(c)  and  (d)  show 
the  magnetic  field  analog  records  which  are 
proportional  to  current  flow  in  the  nose  to  tail  and 
wing  to  wing  direction.  The  traces  on  Figures 
6(a)-(c)  are  saturated  because  the  aircraft 
instrumentation  was  designed  primarily  to  measure 
the  far  fields  produced  by  lightning.  The  flash 
lasted  295  ms  and  consisted  of  two  phases.  The 
first  phase  lasted  76  ms  and  had  a  pulse  repetition 
rate  greater  than  10s  pulses/sec.  The  second  phase 
consisted  of  a  few  large,  isolated  pulses.  The 
lightning  strike  swept  across  nine  fastening  screws 
spread  along  the  upper  fuselage  from  a  spot  outside 
the  copilot's  window  to  a  spot  near  the  wing.  Also, 
one  of  the  two  HF  antenna  wires  mounted  between  the 
upper  fuselage  and  the  stabilizer  was  burned  in 
half.  The  magnetic  field  data  on  Figures  6(c)  and 
(d)  confirm  the  fact  that  most  of  the  current 
propagated  in  the  nose-to-tail  direction. 
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Fig  6.  Electric  (a),  (b)  and  magnetic  (c),  (d) 

fields  measured  at  four  aircraft  locations 
during  a  lightning  attachment  to  the  WC-130 
aircraft. 
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The  overall  characteristics  of  the  discharge  on 
the  analog  records  for  the  two  lightning  strikes 
recorded  In  the  WC-130  aircraft  In  1981  were  similar 
to  those  recorded  In  the  CV-580  aircraft  in  1984. 
Both  aircraft  flashes  last  about  the  same  amount  of 
time  as  natural  lightning  discharges  and  have 
similar  pulse  repetition  rate  and  overall 
characteristics. 

The  analog  records  of  the  Transall  data  (4) 
shown  in  Figure  7  are  comparable  to  the  data 
collected  in  the  other  programs  and  shows  the  large 
variability  of  the  current  pulses  that  propagate 
throughout  the  aircraft  during  lightning  attachment. 


The  variations  in  the  pulse  width  between  about  100 
ns  and  tens  of  microseconds  indicate  that  the 
channel  length  may  range  between  about  100  m  and 
several  kilometers.  The  Transall  data  does  not 
appear  to  show  current  pulses  larger  than  about  10 
kA  flowing  on  the  aircraft.  This  result  is  also 
consistent  with  the  C-130  and  CV-580.  Regardless 
whether  we  measure  the  current  directly  or  we  infer 
its  magnitude  from  the  electromagnetic  field  values, 
no  large  peak  current  levels  comparable  to 
cloud-to-ground  discharges  are  determined. 

Figures  7(a)-(e)  show  magnetic  pulses  detected 
in  the  Transall  C-160  aircraft  during  some  of  the 
lightning  attachment  at  altitudes  between  14,000  and 
18,000  ft  Mean  Sea  Level  (MSL) .  The  magnitude  of 
the  current  pulses  on  the  airersft  that  produced 
these  magnetic  fields  were  between  3  and  7  kA. 
These  pulses  vary  in  risetime,  pulsewidth  and  pulse 
repetition  rite.  Figure  7(a)  and  (b)  show  pulses 
with  riset'.mes  of  about  one  microsecond  and 
pu'.sewidthj  of  about  15  us.  Figure  7(c)  shows  a 
double  pulse  with  a  pulse  width  of  about  30  us. 
Figure  7(d)  shows  the  more  complex  structure  of  a 
slow  negative  pulse  superimposed  with  faster 
positive  pulses.  Finally,  Figure  7(e)  illustrates 
the  pulse  repetition  rate  often  encountered  in  all 
the  airborne  measurements  of  lightning  attachment  to 
aircraft.  In  Figure  7(e)  the  pulse  repetition  rate 
is  greater  than  10  pulses/sec. 


Detailed  Pulse  Structure. 

So  far  we  have  discussed  the  lightning 
attachment  characteristics  derived  from  analyzing 
the  wideband  analog  data  with  an  upper  frequency 
response  of  2  KHz.  All  these  lightning  resesrch 
aircraft  were  also  Instrumented  to  record  higher 
frequency  currents  and  electromagnetic  fields  during 
lightning  attachment  by  selecting  a  threshold  level 
and  capturing  the  first  interval  in  the  flash  that 
exceeded  the  threshold  level. 

Figure  8  shows  four  simultaneous  digital  data 
traces  acquired  by  using  Tektronix  7612  digitizers 
with  2048  data  samples  per  channel  and  5  ns  between 
samples.  This  data  was  obtained  during  one  of  the 
Isolated  pulses  about  100  ms  after  the  beginning  of 
the  flash.  This  was  the  first  pulse  that  exceeded 
the  preset  threshold  level  of  1500  T/a.  Figures 
8(a)-(d)  show  the  displacement  current  density  in 
A/m1  recorded  on  the  right  and  left  wing  and  the 
surface  current  denalty  on  the  right  wing  and  aft 
fuselage,  respectively.  The  largest  field  values  of 
-21.7  A/»*  and  2,065  T/s  were  measured  on  the  right 
wing  sensors.  We  subtracted  the  cable  propagation 
delays  from  the  data  to  determine  the  difference  of 
the  time  of  arrival  of  the  pulse  at  the  various 


(a) 


(b) 


(c) 


(d) 


(e) 

Fig  7.  Typical  magnetic  field  pulses  measured 
on  the  surface  of  the  Transall  C-160 
aircraft  during  lightning  attachment. 

The  horizontal  scale  is  time  in  microseconds. 

sensors.  The  attachment  occurred  on  the  right  wing 
and  the  right  wing  signals  arrived  first  and  had  the 
largest  magnitude.  The  time  delay  of  the 
displacement  current  density  pulse  between  the  right 
wlngtlp  and  the  left  wlngtlp  was  100  ns  which 
corresponds  to  the  speed  of  light  propagation  over  a 
distance  of  100  ft.  The  difference  in  the  time  of 
arrival  of  the  displacement  and  surfacs  current 
density  first  peak  pulse  between  the  right  wlngtlp 
and  all  the  sensors  in  the  aircraft  was  roughly 
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equal  to  the  time  required  for  a  pulse  propagating 
at  tie  speed  of  light  of  1  ft/ns.  After  the  initial 
first  peak  pulse  on  the  displacement  and  surface 
current  density  in  Figure  8,  there  is  a  decaying 
exponential  pattern.  The  subsequent  peaks  on  the 
waveforms  are  obtained  from  the  reflection  of  the 
current  waveform  when  it  strikes  an  aircraft 
boundary  with  a  different  impedance.  The  subsequent 
peaks  on  the  damped  sinusoidal  waveform  in  Figure 
8(a)  are  obtained  from  the  reflection  of  the  initial 
current  pulse  as  it  propagates  across  and  through 
the  wings  and  fuselage  and  reflects  from  the 
opposite  wingtip,  the  tail  and  the  nose.  The 
difference  in  the  amplitude  of  the  reflected  pulse 
is  due  to  the  reflection  coefficient  of  the 
boundaries.  From  this  analysis  and  that  of  the 
digital  data  acquired  in  the  summer  84  experiment, 
we  concluded  that  the  aircraft  lightning  channel 
propagated  throughout  the  entire  aircraft.  Even 
though  there  may  be  a  single  entry  and  exit  point  in 
the  aircraft,  the  electromagnetic  fields  propagate 
throughout  the  aircraft  and  reflect  from  all  the 
boundaries.  Additionally,  there  has  to  be  a 

lightning  channel  at  all  the  aircraft  boundaries, 
otherwise  the  first  peak  of  the  field  waveform  in 
Figure  8(a)  and  others  will  be  fully  reflected  when 
it  reaches  the  wingtips,  nose  and  tail  of  the 
aircraft.  This  type  of  analysis  presents  a  new 

challenge  to  the  standard  lightning  attachment 
patterns  discussed  on  the  SAE-4L  Standards  (5). 

Figure  9  shows  one  of  the  lightning  pulses 
recorded  with  the  Transall  digital  acquisition 
system.  The  pulse  has  a  risetime  of  about  80  ns,  a 
pulsevldth  of  150  ns  and  roughly  corresponds  to  a 
current  pulse  of  3  kA.  The  reflections  of  these 
pulse  as  it  propagated  to  the  aircraft  boundaries 
are  smaller  than  those  obtained  in  the  CV-580 

aircraft.  These  differences  may  be  due  to  the 

differences  of  the  aircraft  impedances  and  the 
length  of  the  lightning  channel. 


CONCLUSION 

We  have  presented  an  analysis  of  the  data 
collected  in  the  C-130,  CV-580  and  Transa’l  C-160 
aircraft.  Some  of  these  data  have  been  shown  in 
time  scales  ranging  from  tens  of  nanoseconds  to 
hundreds  of  milliseconds.  To  understand  the 
mechsnism  of  the  lightning  attachment  to  the 
aircraft,  we  have  ahown  data  about  the  overall 
atructure  of  the  flash  and  the  individual  pulses  in 
the  discharge.  We  ahow  that  continuous  wideband 
analog  recording  of  the  lightning  discharge  is  as 
important  in  this  type  of  research  as  the  high 
frequency  resolution  windows  of  the  individual 
pulaea.  From  the  continuous  snslog  data  we  can 
determine  the  role  of  the  aircraft  In  the  initiation 
of  the  discharge,  snd  the  overall  atructure  of  the 
flssh.  The  latter  provides  some  key  parameters  on 
aircraft  lightning  protection  such  as  pulse 
repetition  rste  and  total  charge  and  energy 
transferred  through  the  aircraft.  From  the 
individual  high  frequency  pulses  we  can  determine 
the  peak  magnitude  snd  rate  of  rise  of  the  currents 
and  electromagnetic  fields  on  the  aircraft .  The 
latter  information  is  critical  for  protecting 
aircraft  agslnst  Indirect  effects  while  the  early 
information  is  needed  to  protect  the  slicraft 
against  direct  effects. 


Fig  8.  Displacement  current  density  on  the  right 
wing  (a)  and  left  wing  (b),  and  surface 
current  density  on  the  right  wing  (c),  and 
aft  fuselage  (d)  during  the  first  pulse  that 
exceeded  the  threshold  level  of  1500  T/s  set 
for  this  flight.  The  total  horizontal  scale 
is  1.2  microseconds. 


Our  discussion  of  triggered  lightning  based  on 
the  dats  in  Figurea  2-3  indicates  that  the  aircraft 
is  highly  likely  to  trigger  the  lightning  discharge 
when  flying  in  close  proximity  to  s  charged  region. 
Our  limited  data  from  between  14,000  and  18,000  ft 
show  that  aircraft  m'ght  trigger  about  751  of  sll 
aircraft  lightning  attachments.  However,  this 
percentage  probably  becomes  much  less  st  lower 
sltltudes  where  there  ia  a  smaller  amount  of  charge 
and  might  become  much  larger  st  about  30,000  ft. 
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Fig  9.  Magnetic  field  pulse  measured  with  a  sample 
of  2  ns  on  the  C-160  aircraft  during  a 
lightning  attachment.  The  total  horizontal 
scale  is  2  microseconds. 


The  variations  in  the  analog  electric  field 
records  in  all  the  lightning  discharges  in  the 
CV-580  can  be  used  to  infer  that  the  current  data 
shown  in  Figure  5  might  be  typical  of  the  current  in 
intracloud  discharges.  That  is,  charge  transfer  of 
tens  and  hundreds  of  coulombs  appears  to  occur  in 
intracloud  discharges  near  the  freezing  level. 
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RESEARCH  IN  LIGHTNING  SWEPT-STROKE  ATTACHMENT  PATTERNS  AND  FLIGHT  CONDITIONS  WITH  THE  NASA 
F-106B  AIRPLANE 

B.D.  Fisher,  P.W.  Brown  and  J.A.  Plumer* 

NASA  Langley  Research  Center,  Hampton,  Virginia  23065,  U.S.A. 

*  Lightning  Technologies,  Inc.,  Pittsfield,  Massachusetts  01201,  U.S.A. 

Abstract  -  Llqhtninq  swept  flash  attachment  oatterns  and  associated  flight  conditions  recorded  from  19B0  to 
1984  durinq  1154  thunderstorm  Denetrations  and  637  direct  strikes  with  a  NASA  F-106B  research  airplane  in 
Oklahoma  and  Virqinia  have  been  studied  with  an  emphasis  on  lightning  avoidance  by  aircraft  and  on  aircraft 
protection  design.  The  individual  lightning  attachment  spots,  along  with  crew  comments  and  photographic 
data  from  a  cockpit-mounted  video  camera  and  an  aft-facinq,  fuselage-mounted  16-mm  movie  camera  have  been 
used  to  identify  llqhtninq  swept-flash  attachment  patterns.  The  altitudes,  ambient  temperatures, 
turbulence  and  precipitation  at  which  the  strikes  occurred  are  summarized  and  discussed.  It  was  found  that 
the  peak  strike  rate  (2.1  strikes/min)  occurred  at  altitudes  between  38  000  and  40  000  ft,  corresponding  to 
ambient  temperatures  colder  than  -40°C.  Whereas  only  34  strikes  were  experienced  at  altitudes  below  20  000 
ft  (ambient  temperatures  warmer  than  -20°C),  603  strikes  were  experienced  above  20  000  ft  altitude. 

Finally,  although  the  swept-flash  attachment  patterns  fall  into  four  general  categories,  it  has  been  found 
that  any  exterior  surface  of  this  airplane  may  be  susceptible  to  direct  lightning  attachment. 

I  -  INTRODUCTION 

The  NASA  Langley  Research  Center  Storm  Hazards  Program  lightning  strike  zones  [8  and  9]  are  based  on  past 

[1-5]  is  beinq  conducted  to  improve  the  state  of  the  experience  and  tests  in  which  scale  models  are 

art  of  severe  storm  hazards  detection  and  avoidance,  subjected  to  simulated  lightning  strikes.  Initial 

as  well  as  protection  of  aircraft  against  those  results  from  the  present  proqram  verified  the  need  for 

hazards  which  cannot  reasonably  be  avoided.  The  further  clarification  of  probable  lightninq  strike 

primary  emphasis  Df  the  program  is  being  placed  on  zones.  To  facilitate  the  determination  of  the 

llqhtninq  hazard  research,  although  research  into  such  llqhtninq  swept-flash  patterns  on  the  F-106B  airplane, 
areas  as  wind  shear  and  turbulence  [6]  also  Is  beinq  an  extensive  onboard  photographic  system  is  used  [10 

conducted.  From  19B0  to  1984,  1154  thunderstorm  and  11].  The  purpose  of  this  oaper  is  to  update  the 

penetrations  were  made  with  an  Instrumented  and  lightning  attachment  point  analysis  and  lightning 

1 iqhtninq-hardened  NASA  F-106B  airplane  in  Oklahoma  strike  condition  data  presented  to  this  forum  in  19B3 

and  Virqinia  in  conjunction  with  ground-based  weather  [4]  by  summarizing  the  data  from  1980-1984  [11], 

radar  measurements  by  NOAA-National  Severe  Storms 
Laboratory  (NSSL)  and  the  NASA  Wallops  Flight  Facility 

(WFF),  respectively.  During  these  penetrations,  637  II  -  TEST  EQUIPMENT  ANO  TEST  PROCEOURES 

direct  liqhtnlng  strikes  were  experienced;  in  II. 1  Test  Equipment 

addition,  liqhtning  transient  data  were  recorded  from  II. 1.1  F-106B  research  airplane 

177  nearby  liqhtning  flashes.  Since  1982,  the  UHF- 

band  radar  at  NASA  WFF  has  been  used  to  guide  the  A  thoroughly  Instrumented  and  lightning-hardened  F- 

airplane  through  the  unner  electrically-active  regions  106B  "Delta  Oart'1  airplane  (figure  1)  is  used  to  make 

of  thunderstorms  [7],  In  1984,  the  UHF-band  radar  thunderstorm  penetrations  [2  and  3].  Based  on  the 

also  was  used  to  provide  guidance  to  electrically-  lightning  experiences  of  this  program,  the  lightning 

active  regions  in  thunderstorms  at  altitudes  below  20  hardening  procedures  [2]  now  Include  removing  paint 
000  ft.  from  most  most  exterior  surfaces  of  the  airplane  to 

reduce  swept-stroke  lightning  dwell  time,  hence 

Two  purposes  of  the  Storm  Hazards  Program,  other  than  minimizing  the  chance  of  a  lightning  melt-through 
the  detailed  measurement  of  the  electromagnetic  anywhere  on  the  airplane.  Prior  to  each  thunderstorm 

characteristics  of  airplane  liqhtning  strikes,  are  to  season,  the  liqhtning  hardening  integrity  is  verified 

quantify  those  conditions  which  are  conducive  to  during  ground  tests  in  which  simulated  lightning 

lightninq  strikes  to  aircraft  and  to  clarify  some  of  currents  and  voltages  of  greater  than  average 
the  more  questionable  aspects  of  establishing  intensity  are  conducted  through  the  airplane  with  the 

lightning  strike  zones  on  aircraft.  Since  some  new  airplane  manned  and  all  systems  operating  [2]. 

aircraft  designs  are  Incorporating  larqe  areas  of  skin 

and  structure  of  composite  materials,  Improved  II. 1.2  Airborne  cameras  and  optics 

knowledge  of  the  susceptibility  of  various  parts  of 

the  aircraft  surface  to  lightning  strikes  Is  The  lightning  attachments  to  the  airplane  have  been 

essential.  The  present  definitions  of  probable  filmed  by  combinations  of  five  onboard  cameras  [10, 
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11,  and  12].  The  characteristics  of  these  cameras  are 
qiven  in  table  I,  and  the  locations  of  the  airborne 
camera  systems  are  s^own  in  figure  2, 

Since  1980,  aft  attachments  have  been  viewed  by  a  16- 
mm  movie  camera  mounted  under  a  fairing  on  the  left 
side  of  the  fusel aqe  (figures  1(b)  and  2),  looking  aft 
with  a  field  of  view  including  the  left  wing  tip  and 
vertical  tail.  From  1980-1983,  this  camera  utilized  a 
pin-hole  instead  of  a  lens,  and  was  run  continuously 
from  cloud  entry  to  cloud  exit  on  each  penetration 
[10].  Several  improvements  were  made  to  the  camera  in 
1984:  a  wide-anale  lens  (table  I)  replaced  the  pin¬ 
hole  for  the  reasons  qiven  in  [11];  a  heated  window 
was  installed  to  reduce  the  number  of  instances  of 
foqqing  and  icinq  previously  experienced  [10];  and, 
later  durinq  the  1984  season,  this  movie  camera  was 
modified  further  so  as  to  triqqer  automatically  via 
inouts  from  two  liqht-sensitive  diodes  mounted  behind 
the  oilot's  rear-view  mirror  (see  fiqure  2  and  [11]), 
facinq  the  nose  boom.  In  the  automatic  mode,  the 
movie  camera  could  be  preset  prior  to  each  flight  to 
run  at  nominal  frame  rates  of  either  200  or  400 
frames/sec,  with  a  one  second  duration  for  each 
actuation.  At  the  nominal  400  frames/sec  rate,  there 
were  126  exposed  frames  for  each  actuation,  primarily 
due  to  the  laq  associated  with  camera  motor  start  and 
motor  acceleration/deceleration  characteristics. 

Also  in  1984,  a  black  and  white  video  camera  (table  I) 
was  selected  and  installed  in  the  cockpit  between  the 
pilot's  ejection  seat  and  the  fliqht  test  engineer's 
forward  instrument  panel  (see  figures  1(b)  and  2). 

The  only  candidate  camera  acceptable,  for  the  reasons 
qiven  in  [11],  used  a  Charqe  Induction  Device  (CIO) 
sensor.  The  camera  faced  aft  with  a  field  of  view 
encompassinq  both  winq  tips.  However,  the  vertical 
tail  was  not  visible  because  of  the  blockage  caused  by 
the  aft  bulkhead  in  the  cockpit  and  bv  the  overhead 
canoov  rail.  The  video  recorder  was  located  in  the 
forward  section  of  the  weapons  bay  (see  figure  2). 

The  recorder  and  camera  were  ooerated  continuously 
throughout  the  flight.  The  camera  recorded  30 
frames/sec,  with  each  frame  composed  of  alternating, 
interleaved  rastor  lines  from  the  last  1/60  sec  of  the 
previous  frame  and  the  first  1/60  sec  of  the  current 
frame . 

II. 1.3  Other  airborne  data  systems 

The  direct-strike  lightning  instrumentation  system 
(Dlite)  [5,  13-15]  records  electromagnetic  waveforms 
from  direct  lightning  strikes  and  nearby  liqhtning 
flashes  in  flight  by  usinq  electromagnetic  sensors 
(fiqure  1)  and  a  shielded  recordinq  system  with  5 
nanosecond  time  resolution  located  in  the  weapons 
bay.  Outputs  from  several  of  the  DLite  sensors  also 
were  recorded  on  a  Boeing  Data  logqer  System  [16] 
which  was  mounted  in  the  weapons  bay  through  the  1983 
season.  The  airplane  attitude,  Mach  number, 
altitudes,  ambient  temperatures,  and  other  flight 
conditions  were  measured  by  the  Aircraft 
Instrumentation  System  (AIS)  and  the  Inertial 
Navigation  System  (INS)  [4  and  6], 


11.1.4  Ground-based  systems  at  NASA  Wallops  Fliqht 
Facility 

For  the  research  fliqhts  in  Oklahoma  in  1980  and  1981, 
the  NSSL  Doppler  radar  at  Norman  was  used  to  measure 
the  precipitation  reflectivity  data  [17]  and  wind 
velocity  data  [6].  Additionally,  an  incoherent  10-cm- 
wavelenoth  surveillance  radar  [17]  was  used  to  provide 
air  traffic  control  guidance  to  the  airplane. 

Instrumentation  from  the  Atmospheric  Sciences  Research 
Facility  at  NASA  WFF  [12  and  18]  was  used  to  provide 
qui dance  to  the  F-1068  during  storm  penetrations  in 
Virginia.  The  facility  includes  a  UHF-  and  an  S-band 
(SPANDAR)  radar  with  the  capability  of  airolane 
tracking  via  inputs  from  a  third  radar  which  tracks  a 
C-band  transponder  mounted  on  the  airplane.  These 
three  radars  are  shown  in  figure  3.  In  1981  and  1982, 
the  SPANDAR  was  used  to  provide  Doppler  radar 
measurements  showing  mean  radial  wind  velocity  and 
spectrum  width  (a  measure  of  turbulence)  as  well  as 
precipitation  reflectivity  [19]. 

Since  1982,  the  NASA  WFF  UHF-band  radar  has  been  used 
to  obtain  the  range,  azimuth,  and  elevation  angle  of 
echoes  from  lightning  channels  in  real  time  [7].  The 
liqhtning  flash  rate  was  estimated  by  use  of  an  echo 
transient  counter  which  counts  the  number  of  lightning 
echoes  in  a  selectable  range  interval  along  the  radar 
beam  of  the  UHF-band  radar. 

1 1 . 1 . 5  NASA  Langley  Flight  Service  Station 

The  primary  responsibility  to  launch  and  recall  the 
airplane,  select  the  storms  and  altitudes  of  interest, 
and  provide  real-time  flight  support  and  guidance  to 
the  aircrew  was  assigned  to  the  Storm  Hazards  project 
oersonnel  located  in  a  dedicated  area  of  the  NASA 
Langley  Flight  Service  Station.  The  equipment 
installed  in  this  station  to  support  the  mission  [11] 
included  communications  systems,  lightning  detection 
systems,  time  displays,  satellite  cloud  imagery, 
airplane  status  displays,  and  an  integrated  video 
display  which  tied  much  of  these  data  together. 

The  primary  system  was  the  integrated  video  display 
[11]  which  displayed  color-coded  precipitation 
reflectivity  factor  and  geopolitical  maps  from 
National  Weather  Service  weather  radar  sites.  The 
manufacturer  expanded  the  capabilities  of  the  basic 
system  to  permit  NASA-generated  graphics  overlays  cr 
cloud-to-ground  lightninq  locations  from  the  NASA 
cloud-to-ground  lightning  mapping  system  [18]  and  data 
telemetered  to  the  ground  from  the  AIS  and  INS  onboard 
the  F-106B  airplane.  The  airplane  overlay  data 
included  the  airplane  ground  track  and  discrete 
digital  readouts  of  several  key  flight  parameters. 
Using  the  integrated  video  display  system,  it  was 
possible  for  the  NASA  Langley  personnel  in  Metro  to 
better  utilize  the  NASA  WFF  data  in  recommending  safe 
headings  to  targets  of  Interest.  In  fact,  the  display 
allowed  the  Metro  staff  to  independently  support 
flights  when  NASA  WFF  support  was  not  available. 
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II .2  Test  Procedures 

11. 2.1  Flight  procedures 

In  the  Storm  Hazards  Program,  it  has  been  assumed  that 
storm  reqions  containing  the  qreatest  natural 
lightning  activity  were  the  most  likely  reqions  in 
which  to  exoerience  a  direct  strike.  Ouring  1980  and 
1981,  most  thunderstorm  penetrations  were  made  by  the 
F-106B  airplane  at  altitudes  corresponding  to  ambient 
temperatures  between  ±10°C,  based  upon  data  such  as 
that  shown  In  fiqure  4  (from  [20]  with  more  recent 
data  from  [21]]  in  which  the  altitudes  at  which 
commercial  aircraft  were  struck  during  routine 
operations  are  plotted.  The  five  basic  thunderstorm 
penetration  procedures  established  in  1980  [4  and  5] 
were  supplemented  in  1982,  when  real-time  guidance  to 
the  liqhtning  flash  density  centers  in  thunderstorms 
[22  and  23]  became  available  from  the  NASA-WFF  UHF- 
band  radar.  Since  1982,  the  llghtninq  echo  location 
data  from  the  UHF-band  radar  and  the  storm's 
precipitation  reflectivity  data  from  SPANOAR  have  been 
used  to  select  the  storm  of  interest  and  the  desired 
altitude  for  each  penetration. 

11.2.2  Data  reduction 

Static  temperature  and  pressure  altitude  were 
determined  from  parameters  measured  and  recorded  by 
the  A1S.  The  pressure  altitude  was  determined  from 
static  pressure  values  which  were  corrected  for 
position  error.  The  ambient  temperature  was 
determined  from  the  total  temperature  measurement. 

The  relative  Intensities  of  turbulence  and 
precipitation  at  the  times  of  the  llghtninq  events 
were  based  on  pilot  observations  as  extracted  from  the 
cockpit  voice  transcripts. 

The  lightning  events  experienced  by  the  F-106B 
airplane  are  categorized  as  direct  strikes  or  as 
nearby  flashes  [11].  Following  each  flight  in  which 
there  were  direct  llghtninq  strikes,  the  lightning 
attachment  points  were  located  by  careful  inspection 
of  the  airplane  surface.  Using  the  procedure  given  in 
[4],  an  attempt  was  made  to  postulate,  based  on  the 
various  data  types,  the  initial  orientation  of  the 
llghtninq  channel  with  respect  to  the  airplane,  the 
initial  and  final  attachment  points,  swept-flash 
path(s),  and  direction! s)  from  which  the  flash  exited 
the  airplane  (see  [10]  for  definitions  of  swept-flash 
attachment  terms).  The  motion  picture  sequences  of 
lightning  from  the  16-mm  movie  cameras  and  the  still 
photographs  from  the  Hasselblad  70-mm  camera  (table  I) 
were  time-correlated  with  the  other  data  via  the  AIS 
using  the  techniques  given  in  [10  and  11], 


III  -  0ISCUSSI0N  OF  RESULTS 
III.l  Flight  Conditions  Conducive  to  Lightning 
Strikes 

The  number  of  direct  strikes  and  nearby  flashes  for 
the  Storm  Hazards  '80-’84  Programs  are  summarized  by 
year  in  table  II,  In  which  the  numbers  of  •'enetratlons 
and  missions  also  are  Included  along  with  the  state(s) 
in  which  the  F-1068  airplane  was  based.  As  shown  in 


table  II,  five  years  of  thunderstorm  research  in 
Virginia  (VA)  and  Oklahoma  (OK)  have  resulted  in  637 
direct  lightning  strikes  and  177  nearby  flashes  during 
1154  penetrations  in  156  research  missions. 

Histograms  showing  the  number  of  penetrations, 
duration  of  each  penetration  and  the  number  of  strikes 
and  nearby  flashes  experienced  from  1980-1984  are 
shown  for  altitude  intervals  of  2000  ft  in  figure  5, 
and  for  ambient  temperature  intervals  of  56C  in  figure 

6.  Penetrations  were  made  at  pressure  altitudes 
ranging  from  4000  ft  to  40  000  ft  with  a  mean 
penetration  altitude  of  24  300  ft  (figure  5). 
Temperature  data  (mean  value  during  the  penetration) 
were  available  for  1046  penetrations,  with  values 
ranging  from  20°C  to  -55°C,  with  an  overall  mean  value 
of  -22.5°C  (figure  6).  The  distributions  of 
penetration  time  with  altitude  and  temperature  are 
very  similar  to  the  corresponding  penetration 
distributions. 

Direct  strikes  were  experienced  at  pressure  altitudes 
ranging  from  14  000  ft  to  40  000  ft  with  a  mean  value 
of  30  800  ft  (fiqure  5).  The  corresponding  ambient 
temperatures  ranged  from  5°C  to  -55°C,  with  a  mean 
value  of  -31“C  (figure  6).  The  nearby  flash  data  are 
very  similar  to  the  direct  strike  data. 

The  lightning  strike  statistics  shown  in  this  paper 
differ  significantly  from  the  published  strike  data 
from  commercial  aircraft  [20  and  21],  in  which  most 
lightning  strikes  were  found  to  occur  between  ambient 
temperatures  of  +10°C  (fiqure  4).  Most  of  the  direct 
strikes  to  the  F-1068  airplane  occurred  at  pressure 
altitudes  above  24  000  ft,  corresponding  to  ambient 
temperatures  colder  than  -25°C.  Based  on  data  such  as 
that  in  figure  4,  most  penetrations  in  1980  and  1981 
were  made  at  altitudes  corresponding  to  +10°C  with 
little  success  in  experiencing  lightning  strikes  (see 
table  II).  Since  1982,  the  F-106B  airplane  has  been 
making  high  altitude  penetrations  using  the  UHF-band 
radar  at  NASA  WFF  to  provide  qui dance  to  the  upper 
flash  density  center  in  thunderstorms  [22  and  23], 
resulting  in  hundreds  of  direct  lightning  strikes  [4, 

7,  10,  and  12].  Finally,  in  the  last  half  of  the  1984 
thunderstorm  season,  the  UHF-band  radar  was  used  to 
direct  the  airplane  towards  the  lower  lightning  flash 
density  center  at  altitudes  below  20  000  ft.  The  low 
altitude  research  effort  of  1980-81  and  1984  is  shown 
in  the  low  altitude/warm  temperature  peaks  in  the 
penetration  and  duration  data  in  figures  5  and  6. 
Despite  spending  760  minutes  of  penetration  time  at 
pressure  altitudes  below  20  000  ft  (23  percent),  only 
34  direct  strikes  were  experienced  (5  percent).  In 
fact,  the  peak  strike  rates  of  12.3 
strikes/penetration  and  2.1  strikes/min  occurred  at 
pressure  altitudes  between  38  000  ft  and  40  000  ft, 
corresponding  to  ambient  temperatures  colder  than 
-40eC.  On  the  other  hand,  the  peak  strike  rate  near 
the  freezing  level  (0°C)  was  only  0.13  strike/min  (in 
the  Interval  between  18  000  ft  to  20  000  ft).  The 
NASA  Storm  Hazards  data  and  the  commercial  data  differ 
because  the  NASA  data  came  from  intentional 
thunderstorm  penetrations,  while  the  commercial  data 
were  derived  from  a  variety  of  meteorological 


270 


B.D.  Fisher  et  al. 


conditions,  mostly  in  nonstormy  clouds.  Commercial 
aircraft  will  normally  deviate  from  course  to  avoid 
thunderstorms  which  reach  to  cruise  altitudes,  and 
only  penetrate  when  required  to  do  so  in  the  terminal 
area,  where  typical  assigned  altitudes  are  near  the 
freezing  level.  Thus,  the  distribution  of  direct 
lightning  strikes  with  ambient  temperature  found  in 
the  Storm  Hazards  Program  is  different  from  that  in 
nonstormy  clouds  because  of  the  higher  percentage  of 
time  spent  by  the  F-106B  research  airplane  in  the 
upoer  flash  density  center,  compared  with  the  low 
percentage  of  time  spent  in  storms  at  those  altitudes 
by  commercial  aircraft  in  routine  operations. 

However,  lightning  strikes  have  been  encountered  at 
nearly  all  temperatures  and  altitudes,  indicating  that 
there  is  no  altitude  at  which  aircraft  are  immune  from 
the  possibility  of  lightning  strikes. 

In  fiqure  7,  the  percentage  of  direct  strikes  to  the 
F-106B  airplane  are  plotted  as  a  function  of  the 
fliqht  crew's  opinion  of  turbulence  and  precipitation 
intensities  at  the  time  of  the  strikes.  The  data  are 
plotted  for  strikes  at  all  altitudes  and  for  those 
strikes  below  20  000  ft  altitude.  In  the  majority  of 
cases,  direct  strikes  occurred  In  the  regions  of 
thunderstorms  in  which  the  crew  characterized  the 
turbulence  and  precipitation  as  negligible  to  light. 
However,  for  the  34  strikes  which  occurred  at  alti¬ 
tudes  below  20  000  ft  altitude,  the  crew  called  a 
higher  percentage  of  the  strikes  in  light  to  moderate 
orecipitation  and  turbulence  than  shown  by  the  data 
for  all  altitudes.  In  both  cases,  though,  the  Storm 
Hazards  Program  data  have  shown  that  the  number  of 
direct  strikes  in  thunderstorms  do  not  show  a  positive 
correlation  to  turbulence  and  precipitation 
intensities.  This  finding  is  in  agreement  with 
commercial  aircraft  data  [21]. 

In  addition,  some  strikes  and  nearby  flashes  to  the  F- 
106B  airplane  occurred  on  the  edges  of  the 
thunderstorm  cloud  mass.  The  distribution  of 
lightning  events  with  respect  to  airplane  position 
relative  to  time  of  cloud  entry  and  cloud  exit  is 
shown  in  figure  B.  Although  98  percent  of  the 
lightning  events  occurred  wtiile  the  airplane  was 
within  the  cloud,  as  shown  for  commercial  aircraft 
[21],  10  percent  of  the  events  occurred  at  the  cloud 
edges  (+10  sec  of  cloud  entry  or  cloud  exit),  and  2 
percent  actually  occurred  with  the  airplane  outside 
the  cloud  mass. 

Precipitation  and  turbulence  also  are  not  necessarily 
related.  For  example,  the  Doppler  radar  data  recorded 
by  the  HASA-WFF  SPANDAR  during  1981  [19]  showed  that 
heavy  turbulence  was  often  found  not  only  within  high 
reflectivity  cores  of  storm  cells,  but  also  between 
cells,  near  storm  boundaries,  and  in  innocuous- 
appearing  low  reflectivity  factor  regions.  Finally, 
it  has  been  found  [7]  that  the  average  probability  for 
the  airplane  to  be  struck  was  greater  in  storm  regions 
with  a  flash  rate  of  0  to  10  flashes  per  minute  than 
for  regions  with  flash  rates  higher  than  10 
flashes/min. 

The  lower  altitude  flash  density  center  in 


thunderstorms  is  closely  associated  with  high 
reflectivity  cores  [22  and  23].  In  order  to  minimize 
the  chances  of  encountering  hall,  the  F-106B  airplane 
was  not  flown  into  the  reflectivity  cores  of  storms 
where  the  reflectivity  values  exceeded  50  dBZ. 
Therefore,  no  comments  can  as  yet  be  made  on  the 
probability  of  direct  lightning  strikes  occurring  in 
such  areas.  The  data  obtained  during  the  Storm 
Hazards  Program  show  that  the  greatest  probability  of 
experiencing  a  direct  lightning  strike  in  the  upper 
portions  of  a  thunderstorm  occurred  in  regions  where 
the  ambient  temperature  was  colder  than  -40°C,  where 
the  relative  turbulence  and  precipitation  intensities 
were  characterized  as  negligible  to  light,  and  where 
the  lightning  flash  rate  was  less  than  10 
flashes/min.  These  data  also  indicate  that  the 
presence  and  location  of  lightning  do  not  necessarily 
coincide  with  the  presence  and  location  of  hazardous 
precipitation  and  turbulence. 

III. 2  Lightning  Attachment  Patterns 

Four  general  strike  scenarios  have  been  found  in  the 
swept- flash  attachment  patterns  on  the  F-106B  airplane 
[4,  10,  and  12].  The  terms  used  in  describing 
lightning  attachment  scenarios  (l.e.,  entry  and  exit 
points)  are  defined  in  [10].  The  four  general  strike 
scenarios  are: 

1.  Flashes  which  initially  attach  to  the  nose  of 
the  aircraft  and  subsequently  "sweep"  alongside  It, 
reattaching  at  a  succession  of  spots  along  the 
fuselage.  In  these  cases,  the  initial  and  final  exit 
point  is  usually  the  trail inq  edge  of  an  extremity 
such  as  a  wing  or  vertical  fin  tip.  The  final  entry 
point  is  a  trailing  edge  of  the  fuselage,  because  the 
flash  is  usually  still  alive  by  the  time  the  aircraft 
has  flown  completely  through  it. 

2.  Similar  to  (1)  except  that  the  entry  channel 
sweeps  aft  across  the  top  or  bottom  wing  surface 
Instead  of  the  fuselage. 

3.  Strikes  in  which  the  initial  entry  and  exit 
points  occur  at  the  nose.  In  this  case,  the  lightning 
flash  appears  to  “touch"  the  aircraft  nose  but 
continues  on  from  this  point  to  another  destination. 
The  aircraft  then  flies  through  the  flash,  resulting 
in  successive  entry  points  along  one  side  of  the 
fuselage  or  wing  and  exit  points  along  the  other. 
Again,  because  the  flash  usually  exists  for  a  longer 
time  than  it  takes  the  aircraft  to  fly  its  length,  the 
final  entry  and  exit  points  are  located  along  trailing 
edges. 

4.  Strikes  In  which  the  initial  and  final  entry 
and  exit  points  are  confined  to  the  aft  extremities. 

With  most  of  these  general  scenarios,  swept- flash 
channels  frequently  have  been  found  which  rejoin 
behind  tne  airplane  after  the  airplane  has  flown 
through  the  channel  [4],  Prior  to  the  Storm  Hazards 
Program,  It  had  been  believed  that  once  a  strike 
occurred,  the  channel  would  remain  attached  to  the 
aircraft  until  the  flash  died  out  naturally  (see  [20], 
for  example). 
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The  onboard  photographic  systems  used  In  1984  have 
been  able  to  document  general  strike  scenarios  1,  2, 
and  4  and  examples  of  scenarios  1  and  2  will  be 
discussed  In  this  paper.  For  example,  strike  210  of 
1984  (figures  9-11)  represents  general  strike  scenario 

1.  This  strike,  discussed  In  detail  In  [11],  resulted 
In  an  unusual  positioning  of  the  lightning  channel 
alongside  the  airplane  fuselage  and  canopy  and  over 
the  wing,  followed  by  a  detachment  of  the  channel  from 
the  airplane  and  a  small  restrike  (or  second  strike) 
to  the  left  wing  tip.  Selected  frames  from  the  aft- 
facing,  fuselaqe-mounted  movie  camera,  which  was 
automatically  triggered  by  light-sensing  diodes  at  a 
nominal  frame  rate  of  400  frames/sec  (see  table  I)  are 
shown  In  flqure  9,  while  selected  frames  from  the 
cockpit-mounted  video  camera  (30  frames/sec)  for  the 
same  strike  are  presented  In  figure  10.  The  lightning 
channel  was  visible  In  the  first  58  of  the  126  frames 
exposed  In  the  1  sec  movie  film  Interval  and  In  13 
frames  on  the  videotape.  The  lightning  strike 
scenario  for  strike  210  Is  given  In  figure  11,  with 
the  chronological  sequence  shown  schematically  In 
figure  11(b). 


Referring  to  figure  11(b),  the  strike  scenario  may  be 
summarized  In  nine  phases: 

1.  Strike  Initiation  (movie  frames  1  and  2, 
video  frames  1-3):  lightning  channel  oriented  as 
shown  In  figure  11(a),  with  entry  channel  located 
above  the  airplane  and  to  the  left  of  the  airplane 
centerline;  Initial  entry  point  at  nose  boom;  Initial 
exit  at  left  wing  tip  (see  video  frame  1,  figure 
10(a)). 

2.  Sweot  flash  (movie  frame  3,  video  frame  4): 
as  the  airplane  flew  forward  through  the  lightning 
channel,  the  entry  portion  of  the  channel  swept  back 
down  the  left  side  of  the  fuselage  across  the  overhead 
canopy  rail  (video  frame  4,  figure  10(b))  to  the 
trailing  edge  of  the  rudder;  the  exit  channel  trailed 
aft  from  the  left  wing  tip. 

3.  Entry  and  exit  channel  convergence  (movie 
frames  4-8,  video  frames  5-8):  as  the  airplane 
continued  to  fly  forward,  the  entry  channel  hung  onto 
the  rudder  and  the  exit  channel  hung  onto  the  left 
wing  tip;  the  entry  and  exit  channels  were  converging 
on  the  left  wing  tip  (see  movie  frame  4,  flqure  9(a) 
and  video  frame  5,  figure  10(c),  for  example). 

4.  Entry  and  exit  channel  converge  (movie  and 
video  frame  9):  when  the  airplane  reached  the  point 
where  the  entry  channel  was  below  its  flight  path 
(flqure  11(a)),  the  entry  channel  came  In  contact  with 
(or  very  close  to)  the  left  wing  tip;  the  entry 
channel  can  be  seen  brushing  the  left  wing  tip  and 
making  contact  with  the  exit  channel  In  movie  frame  9 
(figure  9(b))  and  video  frame  9  (figure  10(d)). 

5.  Rejoined  channel  behind  the  airplane  (movie 
frame  10):  at  the  instant  the  entry  channel  crushed 
against  the  left  wing  tip,  charge  transferred  directly 
to  the  entry  channel,  thereby  omitting  the  airplane 


from  the  electric  circuit  (see  figure  9(c));  the 
Initial  and  final  lightning  channel  entry  and  exit 
points  thus  established  for  strike  210  of  1984  are 
shown  In  figure  11(c). 

6.  Detached  lightning  channel  recedes  behind  the 
airplane  (movie  frames  11-22  and  video  frames  10  and 
11). 

7.  Restrike  to  left  wing  tip  (omitted  from 
figure  11  for  clarity)  (movie  frames  23  and  24  and 
video  frames  12  and  13):  entry  channel  of  restrike 
(or  new  strike)  at  left  wing  tip;  the  exit  channel  was 
not  In  the  field  of  view  of  either  camera;  remnants  of 
the  first  strike  channel  were  still  visible  in  the 
movie  frames,  but  were  blocked  by  the  fuselage  In  the 
video  frames  (see  movie  frame  24,  figure  9(d)  and 
video  frame  13,  figure  10(e)). 

8.  Decay  of  both  strike  channels  (movie  frames 
25-27,  no  video  frames):  both  channels  faded  away 
behind  airplane. 

9.  Decay  of  original  channel  (movie  frames  28- 
58,  no  video  frames):  remnants  of  original  channel 
remained  visible  as  two  unusually  bright  spots  which 
were  either  channel  segments  viewed  "end  on,"  or 
detached  segments  or  "balls"  of  channel  plasma  which 
remained  luminous  after  the  rest  of  the  channel  had 
decayed  -  "ball  llghtnlnq." 

As  early  as  the  1980  research  program  [3],  strikes 
were  found  which  swept  back  over  the  midspan  areas  of 
the  delta  wing  (general  strike  scenario  2),  and  such 
strikes  have  been  found  In  each  research  season. 
Strikes  In  this  area  of  the  wing  were  not  expected 
since  attachments  across  swept  wings  on  airplanes 
without  upstream  attachment  points  such  as  enqlne 
nacelles  or  drop  tanks  are  extremely  rare.  Their 
discovery  led  to  the  removal  of  all  paint  from  the  top 
and  bottom  wing  surfaces  prior  to  the  1981  season  to 
minimize  the  chance  of  a  melt  through  or  hot  spot  In 
the  wing  fuel  tanks  from  lightning  attachment.  Strike 
80  of  1984  Is  the  only  strike  to  date  In  which  the 
lightning  channel  has  been  photographed  sweeping  back 
over  the  wing.  In  figure  12,  the  entry  channel,  which 
Is  sweeping  aft  from  the  nose  boom,  can  he  seen  on  the 
top  surface  of  the  left  wing  and  the  exit  channel  can 
be  seen  trailing  back  from  the  left  wing  tip.  Figure 
12  is  the  second  frame  of  two  taken  by  the  aft-facing, 
fusel aoe-mounted  movie  camera,  which  was  running 
continuously  at  14  frames/sec  (see  table  1).  The 
cockpit  video  camera  was  not  Installed  on  this  flight. 

The  significance  of  strikes  80  and  210  Is  that  by 
flying  Into  or  through  the  lightning  channel,  the 
channel  may  become  positioned  or  attached  to  the 
aircraft  at  locations  that  would  be  deemed  highly 
Improbable  by  electric  field  theory  alone. 

Heretofore,  lightning  attachment  patterns  or  "zones" 

[8  and  9]  have  been  thought  of  as  originating  at 
extremities  of  the  aircraft  where  electric  field 
gradients  are  sufficient  to  form  junction  leaders. 

The  present  case  Illustrates  that,  whereas  attachment 
patterns  do  Indeed  originate  at  high  field  locations, 
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the  subsequent  patterns  are  dependent  solely  on 
relative  positions  of  the  entry  and  exit  channels  with 
respect  to  the  moving  aircraft.  It  is,  therefore, 
possible  to  imagine  other  scenarios  in  which  the 
channel  can  reattach  to  almost  any  surface  of  the 
aircraft.  This  leads  to  the  conclusion  that 
orotection  designs  which  depend  upon  the  existence  of 
"Zone  III"  areas  (defined  in  airworthiness  regulations 
as  aircraft  surfaces  where  lightning  attachments  are 
very  Improbable)  must  now  be  considered  at  risk, 
especially  if  such  surfaces  or  structures  would  suffer 
significant  damage  if  subjected  to  a  strike. 

These  two  encounters  also  show  that  an  aircraft  may  be 
subject  to  radiated  effects  from  lightning  channels 
uncommonly  close  alongside  its  surface,  as  well  as  to 
the  effects  of  direct  attachment.  Although  no  adverse 
effects  were  noticed  or  reported  by  the  F-106B  crew  in 
this  case  (the  intensity  of  currents  in  this 
Darticular  flash  are  known  to  have  been  relatively 
minor  and  the  airplane  has  been  provided  with 
unusually  thorough  protection  measures),  a  similar 
encounter  of  a  conventional  aircraft  with  a  severe 
flash  might  have  more  frightening  consequences. 
Protection  designers  must,  therefore,  deal  with  the 
effects  of  close-in  nearby  flashes  as  well  as  direct 
attachments,  both  of  which  apparently  may  occur  at 
almost  any  spot  or  region  of  the  aircraft. 

Unfortunately,  no  photographic  evidence  exists  of 
strike  scenario  3,  although  there  is  other  evidence 
from  pilot  descriptions  and  lightning  attachment 
points  for  several  such  strikes  to  have  occurred  on 
the  F-106B  airplane  [3  and  10].  Even  though  such 
strikes  are  rare,  they  are  significant,  as  they 
probably  verify  the  lightninq  incident  hypothesis 
shown  in  figure  13  from  [24],  In  [24],  a  liqhtning 
strike  incident  to  a  twin-engine  business  jet  is 
described  in  which  both  of  its  engines  flamed  out  at 
an  altitude  of  31  500  ft,  and  in  spite  of  repeated 
attempts,  the  engines  would  not  restart  until  the 
airplane  had  descended  to  an  altitude  of  13  000  ft. 

Nc  mechanical  or  electrical  damage  was  found.  It  was 
hypothesized  in  [24]  that  the  engine  flameouts  were 
caused  by  the  disruption  of  inlet  air  which  results 
when  the  lightning  channel  and  its  attendant  shock 
wave  are  swept  in  front  of  the  engine  inlet.  For  both 
engines  to  fail,  the  lightning  channel  would  have  to 
have  swept  down  both  sides  of  the  fuselage,  as  shown 
in  fiqure  13.  The  f<nd1nqs  of  the  Storm  Hazards 
Proqram  now  Indicate  that  such  a  strike  pattern  is 
possible.  In  the  case  of  the  F-106B  airplane, 
however,  no  engine  roll-backs  or  flame-outs  from 
lightning  have  been  experienced,  probably  because  of 
the  robustness  of  the  J-75  turbojet  engine,  even 
though  there  Is  an  inlet  on  each  side  of  the  fuselage 
feeding  the  single  engine. 

A  high  percentage  of  the  strikes  experienced  in  the 
Storm  Hazards  Program  are  confined  to  the  aft 
extremities  of  the  airplane  [3,  10,  and  111  (strike 
scenario  4).  In  fact,  the  cockpit-mounted  video 
camera  has  detected  a  number  of  strikes  which  were  not 
seen  in  the  cockpit  or  were  not  within  the  field  of 
view  of  the  aft-facing,  fuselage-mounted  movie 


camera.  Strikes  have  been  found  to  any  combination  of 
aft  extremities. 

The  lightning  attachment  point  data  have  provided 
further  insights  into  the  validity  of  the  assumptions 
used  in  establishing  lightning  strike  zones  on 
aircraft  [8]  by  showing  the  manner  in  which  an 
airplane  interacts  with  a  lightning  strike  channel, 
especially  the  manner  in  which  flashes  sweep  aft  from 
initial  lightning  attachment  points.  The  data  from 
1984  confirm  the  previous  findings  [12]  that  initial 
entry  and  exit,  points  most  frequently  occur  at 
airplane  extremities.  In  this  case  the  nose  boom,  the 
wing  tips  (individually  and  simultaneously),  the 
vertical  fin  cap,  and  the  afterburner.  It  also  has 
been  confirmed  that  swept-flash  attachment  points  can 
occur  along  the  full  length  of  the  fuselage,  as  is 
common  in  other  airplanes  of  this  general  size, 
following  initial  strike  attachments  at  the  nose.  The 
1984  data  also  have  confirmed  the  three  unexpected 
results  found  earlier  [12]:  lightning  attachments  in 
the  afterburner  [4];  swept  flashes  across  the  midspan 
surface  of  the  delta  wing  [3,  4,  11,  and  12];  and,  the 
existence  of  liqhtning  channels  which  rejoin  and 
persist  after  passage  of  the  airplane  through  them. 
Finally,  the  1984  data  have  provided  new  evidence  that 
the  entire  surface  of  the  airplane  may  be  susceptible 
to  lightning  attachment  [11]. 

Preliminary  DLite  data  indicate  that  there  has  been  at 
least  one  strike  with  a  peak  current  amplitude  of  54 
kA.  Even  with  strikes  of  this  magnitude,  the  adverse 
physical  effects  of  the  lightning  on  the  F-106B 
airplane  have  been  confined  to  minor  surface  cosmetic 
damage  to  the  metal  exterior  of  the  airplane  [12]  and 
to  the  three  research  composite  fin  caps  [25]  erosion 
of  metal  from  both  wing  tips  [12];  three  small  holes 
melted  completely  through  the  1-mm  ( 0.05-1 n . )  thick 
aluminum  skin  near  the  trailing  edge  of  the  vertical 
tail  beneath  the  composite  fin  cap  [11];  and  several 
small  punctures  in  the  fiberglass  radome  [12]. 

Adverse  electrical  effects  have  been  confined  to  a  few 
momentary  outages  on  the  airborne  x-band  weather  radar 
[12],  two  failures  of  a  Distance  Measuring  Equipment 
( DME )  unit  [12],  and  several  false  commands  to  the 
DLite  recording  system.  These  electrical  problems 
have  been  remedied  by  Installing  improved  shielding  on 
the  wiring  and  circuits  and  by  use  of  a  properly- 
grounded  DME  antenna.  It  should  be  emphasized  that 
these  relatively  benign  results  are  for  a  metal 
airplane  using  a  hydraulic  control  system.  The  same 
results  will  be  more  difficult  to  achieve  on  a 
composite- structure  airplane  using  digital  avionics. 

IV  -  SUMMARY  Or  RESULTS 

During  the  NASA  Lanqley  Reseach  Center  Storm  Hazards 
Program,  637  direct  lightning  strikes  were  experienced 
by  an  F-106B  research  airplane  from  1980-1984.  This 
study  produced  the  following  results: 

1.  The  peak  strike  rates  (2.1  strikes/min  and  13 
strikes/penetration)  occurred  at  altitudes  between  38 
000  ft  and  40  000  ft,  corresponding  to  ambient 
temperatures  colder  than  -40eC.  The  peak  strike  rate 
near  the  freezing  level,  where  most  previously 
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reported  strikes  have  occurred,  was  only  D.l 
strike/min. 

2.  Although  liqhtning  strikes  have  been 
encountered  at  nearly  all  temperatures  and  altitudes, 
the  regions  of  highest  risk  for  an  airplane  to  experi¬ 
ence  a  direct  lightning  strike  were  those  areas  of 
thunderstorms  where  the  ambient  temperature  was  colder 
than  -40°C  and  where  the  relative  turbulence  and 
precipitation  intensities  were  characterized  as 
negligible  to  liqht.  Therefore,  the  presence  and 
location  of  lightning  do  not  necessarily  indicate  the 
presence  and  location  of  hazardous  precipitation  and 
turbulence. 

3.  The  onboard  data  confirm  that  the  lightning 
attachment  patterns  on  this  airplane  fall  into  four 
general  categories  and  that  flashes  can  rejoin  after 
passage  of  the  airplane.  However,  the  1984  data  have 
shown  that  the  entire  surface  cf  this  airplane  may  be 
susceptible  to  lightning  attachment. 
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TABLE  I.-  CHARACTERISTICS  OF  AIRBORNE  PHOTOGRAPHIC  SYSTEMS 


Location 

Camera 

Lens 

Type 

Orientation 

Type 

Film  or 
Imager  Size 

Make /Type 

Description 

Forward  of 
Cockpit 

Movie 

Forward¬ 

facing 

-  - 

Milliken 
DBM- 5 4 

16  mm 

Dallmeyer 

Triple  anastigmat 
f/2.9,  15  mm 

Cockpit 

Movie 

Forward¬ 

facing 

Milliken 
DBM- 5 4 

16  mm 

Kinoptik 

Tega.  F/1.8,  5.7  i 

Aft  of 
Cockpit:  I 

II 

II] 

IV 

Movie 

Aft-facing 

Milliken 
DBM- 5 4 

16  mm 

Pinhole 

f/67,  5.1  mm 

Century 

f/1.8,  5.7  mm 

■ 

_ 

c _ 

Cockpit 

Video 

Aft-facing 

GE4TN2505 

0.67  in. 

Century 

f/1.8,  5.7  mm 

Cockpit 

Still 

Aft-facing 

Hasselblad 
500  EL/M 

70  mm 

Zeiss 

Distagon,  f/4,40  n 

Camera 

Location 

Film/S 

ensor 

Mode  of 
Operation 

f  Stop 

Neutral  density 
filter 

Frame  rate, 
frame/sec  (c) 

Type 

Sensitivity 

Forward  of 
Cockpit 

Kodak 

Ektachrome 

7256 

ASA64 

Manual 

f/11 

0.6 

14 

Cockpit 

Kodak 

Ektachrome 

7256 

ASA6  4 

Manual 

f/11 

“ 

16 

Aft  of 
Cockpit:  I 

II 

III 

IV 

Kodak 

Ektachrome 

7256 

ASA64 

Manual 

f/67 

- 

14 

_ L. _ 

Manual 

f7u 

1.5 

16 

_ 

Automatic  (b; 

1 

200 

_ : 

£ _ 

Automatic (b) 

1 

400 

Cockpit 

CID(a) 

Full  output 
at  face 
plate. 

Illumination 
of  0.8  f.c. 

Manual 

f/11 

1.5 

30 

Cockpit 

Vericolor 

II  or  III 

ASA125  or 
160 

Automatic (b 

f/8  or 
f/11  . 

_ 

- 

(f) 

Camera 

Location 

Years 

Rotary 
shutter 
ang.,  deg. 

Speed, 

msec 

Forward  of 

Cockpit 

Rotary 

72 

14 

1980  -  1982 

Cockpit 

Rotary 

195 

34 

1983 

mm 

Rotary 

200 

39 

1980  -  1983 

ns 

Ji - 

1984 

T80 

2.5 

ren 

t _ 

IIS 

1.25 

1984 

Cockpit 

(d) 

Unshuttered. 

See  note  (d) 

Id) 

1984 

Cockpit 

Electro¬ 

mechanical 

(e) 

<e) 

30 

1983 

Notes: 


(a)  General  Electric  Charge  Injection  Device  (CID) .  Silicon  248  x  388  pixel  array. 

(b)  Automatic  mode  uses  photographic  diode  for  lightning-tripped  camera  actuation. 

(c)  Movie  camera  frame  rates  are  for  steady-state  operation.  Acceleration/ 

deceleration  characteristics  results  in  126  frames  in  1  sec  at  400  frames/ sec. 

(d)  1:1  field  interlace  for  video  frame;  frame  integration  time  of  33  msec. 

(e)  Electromechanical  between-the-lens  shutter  with  5  msec  response  time. 

(f)  Not  applicable. 
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Figure  3.-  Storm  Hazards  radar  support  at 
NASA  Wallops. 
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Figure  4.-  Aircraft  lightning  strike  Incidents 
as  a  function  of  altitude.  From 
reference  24  with  updated  data  from 
reference  ?S. 
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Figure  5.-  Thunderstorm  penetrations  and 

lightning  statistics  as  a  function 
of  pressure  altitude  for  Storm 
Hazards  '80  -  '84. 
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Figure  6.-  Thunderstorm  penetrations  and 

liqhtning  statistics  as  a  function 
of  ambient  temperatures  for  Storm 
Hazards  '80  -  '84. 
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Figure  7.-  Relationship  of  liqhtning  strikes  to 
relative  turbulerce  and  precipitation 
intensities  fur  Storm  Hazards  '80  - 
•84. 


entry  or  cloud  exit,  sec 

Figure  8.-  Lightning  strikes  and  nearby  flashes 
in  relation  to  airplane  location  In 
the  cloud  mass. 


(a)  Frame  4  of  58. 


Figure  9.-  Photographs  of  direct  strikes  to 
vertical  tall  4  left  wing  tip  of 
F-106B  airplane  from  aft-facing, 
fuselage-mounted  movie  camera. 
Strike  210  of  1984;  flight  84-047; 
Aug.  13,  1984;  19:50:05.5  GMT; 

17  900  ft  altitude  near  Sunbury, 
NC.  Nominal  frame  rate  of  400 
frames/ sec. 


Figure  <?.-  Continued. 


(e)  Frame  34  of  58. 
Figure  9.-  Concluded. 


(a)  Frame  1  of  13. 


(h)  Frane  4  of  13. 


(d)  Frane  9  of  13.  Final  frane  with 
lightning  channel  attached  to 
alrnlane. 


\ 

s  .  * 


(c)  Frane  5  of  13. 


Flnnre  10.-  Photographs  fron  cockpit- 
mounted  video  cancra  of 
strike  210  nf  1934. 


(e)  Frame  13  of  13.  Exit  channel  nf 
second  strike  not  within  field  of 
view  nf  onboard  cameras. 

Flnnre  10.-  Concluded. 


(a)  Inferred  channel  orientation  with 
respect  to  airplane. 

Flnnre  11.-  Llghtnlnn  strike  «cenar1o  for 
strike  210  of  1934:  fllnnt 
84:047;  Aug.  13,  1994. 
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Initial  entry  at  nose  boom;  initial  exit  at  left  wingtip 
Movie  frames:  1  and  2 
V'deo  frames:  2  and  3  (fig.  10(a)) 


Entry  swept  back  over  canopy  and  attaches  to  trailing 
edge  of  rudder 

Movie  frames-  3  and  4  (fig.  9(a)) 

Video  frames:  4  and  5  (figs.  10(b)  and  (cl) 


Entry  hanging  onto  rudder;  exit  hanging  onto  wingtip 
Movie  frames:  5-7 
Video  frames:  6-8 

(b)  Sequence  showing  F-10CB  airplane  flying 
through  lightning  channel.  Restrike  to 
left  wing  tip  omitted  for  clarity. 

Figure  ?1.-  Continued. 


Movie  frames.-  8 (fig.  9(b)) 
Video  frames:  9  (fig.  10(d)) 


Entry  combines  with  exit;  final  entry  and  final  exit 
Movie  frames:  9 (fig.  10(c)) 

Viuo  frames:  10 and  11 


Entry  and  exit  detach  from  aircraft 

Movie  frames:  10  -  58 
Video  frames:  None 

(b)  Concluded. 

Figure  11.-  Continued. 
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E  AND  H  FIELDS  MEASUREMENTS  ON  THE  TRAN FALL  C160  AIRCRAFT  DURING  LIGHTNING  FLASHES 

J.P.  Moreau  and  J.C.  Alliot 

Office  National  d'Etudes  et  de  Recherches  Airospatiales ,  B.P.  72,  32322  Chatillon  Cedex,  France 


Abstract  -  An  experimental  campaign  was  carried  out  in  the  South  West  of  France  during  Spring  1984;  two 
main  objectives  were  pursued: 

-  a  best  understanding  of  the  microphysic,  dynamic  and  thermodynamic  properties  of  frontal  systems, 

-  a  characterization  of  the  main  parameters  of  electric  and  electromagnetic  phenomena  associated  with 
cloud  discharges. 

The  present  paper  is  essentially  devoted  to  the  analysis  of  measurements  obtained  with  the  Transall  air¬ 
craft  which  was  set  up  during  the  campaign. 

Electromagnetic  fields  due  to  direct  lightning  flashes  on  the  aircraft  arc  presented  in  details: 
a  -  typical  E  and  H  waveforms  obtained  during  the  whole  duration  of  the  flashes  and  recorded  by  analog 
device  with  a  2  MHz  bandwidth, 

h  -  typical  E  and  H  waveforms  obtained  on  transient  digitizers  with  a  large  bandwidth  (100  MHz);  the  E 
and  H  pulses  are  ranged  either  with  their  spectral  content  or  with  their  amplitude  characteristic, 
c  -  electromagnetic  transfer  function  of  a  well-defined  aperture  installed  on  the  aircraft  fuselage;  ex¬ 
perimental  results  are  compared  with  numerical  calculations. 

In  conclusion  the  moderate  AEHP  threat  value  is  compared  to  experimental  results  and  the  Importance  of 
VHF  measurements  for  understanding  the  physical  process  is  emphasized. 


I  -  INTRODUCTION 

Lightning  is  one  of  the  most  severe  and  most  unknown 
electromagnetic  hazards  to  which  aircraft  may  be  ex¬ 
posed.  For  many  years  specialized  laboratories  have 
tried  to  find  a  characterization  of  the  lightning 
processes  with  increasing  interest  since  the  ad¬ 
vanced  technology  aircraft  give,  if  no  special 
createment  is  applied,  less  protection  to  electronic 
devices  than  the  previous  entirely  metallic  ones. 
ONERA  has  conducted  an  airborne  experiment  on  a 
Transall  C160  for  indirect  effects  characterization 
of  lightning.  This  has  been  carried  out  during 
spring  1984  in  the  South  of  France.  Previous  studies 
specially  in  the  NEMP  field  have  shown  that  indirect 
effects  could  be  evaluated  if  the  repartition  of  the 
electric  and  magnetic  fields  on  the  aircraft  skin  is 
known  (1).  The  C160  was  instrumented  with  magnetic 
and  electric  field  sensors  and  also  with  VHF  and  UHF 
receivers.  The  output  of  these  sensors  were  simul¬ 
taneously  recorded  with  a  "f leldmlll"  signal  which 
gives  the  electrostatic  situation  of  the  aircraft 
and  the  evolution  of  the  external  atmospheric 
field. 

In  this  paper,  electromagnetic  fields  due  to  direct 
lightning  flashes  on  the  aircraft  are  presented  in 
details:  typical  E  and  H  field  waveforms  obtained 
during  the  whole  duration  of  the  flashes  and  re¬ 
corded  by  analog  device  with  a  2  MHz  bandwidth, 
typical  E  and  H  waveforms  obtained  on  transient 
digitizers  with  a  100  MHz  bandwidth,  electromagnetic 
transfert  function  of  a  well  defined  aperture  in¬ 
stalled  on  the  aircraft  fuselage  and  a  comparison 
between  experimental  results  and  calculation.  We 
have  analyzed  18  flashes  and  we  give  for  the 
measured  parameters  the  mean  value  and  the  standard 
deviation.  The  characteristics  derived  Include  rise- 
times,  peak  amplitude  and  frequency  content. 


II  -  SENSORS  AND  INSTRUMENTATION 

The  results  presented  hereby  correspond  to  the  fol¬ 
lowing  setups  of  the  instrumentation.  E  and  H  sen¬ 
sors  designed  for  the  measurement  of  the  fast  elec¬ 
tromagnetic  field  variations  are  Installed  under  a 
radome.  The  electric  field  sensor  measures  the  nor¬ 
mal  to  the  surface  component  of  the  field  located  on 
the  right  side  of  the  aircraft  at  three  meters  from 
the  nose  and  the  magnetic  field  sensor  measures  the 
tangential  component  of  the  magnetic  field.  The  E 
sensor  is  a  hollow  spherical  type  dipole  which  in¬ 
cludes  an  active  Integrator  device  such  that  the 

output  signal  is  directly  proportional  to  E.  The 
total  measuring  range  of  this  sensor  spreads  from  30 
mV/m  to  316  kV/m  in  selectable  attenuations  with  a 
dynamic  range  of  70  dB  and  a  bandwidth  of  100  Hz  to 
130  MHz  (+  1  dB). 

The  H  sensor  is  a  loup  including  an  active  inte¬ 
grator  device  such  that  the  output  signal  is  di¬ 
rectly  proportional  to  H.  The  total  measuring  range 

of  this  sensoi  spreads  from  0.8  mA/m  up  to  839  A/m 
in  8  selectable  attenuations  with  a  dynamic  range  of 
50  dB  and  a  bandwidth  of  6  kHz  to  130  MHz  (+  1  dB). 
Inside  the  alicraft,  located  at  a  distance  of  50  cm 
from  the  outside  skin  on  the  axis  of  a  38  cm  diam¬ 
eter  circular  window  is  a  free  field  K  sensor. 

The  characteristics  of  this  sensor  are  the  follow¬ 
ing:  measuring  range  1  to  100  A/m  in  3  selectable 
attenuations  of  50  dB  dynamic  range  and  a  bandwidth 
of  30  kHz  to  100  MHz  (+  1  dB).  In  addition,  the 
measurement  of  the  aircraft  potential  is  made  by 
means  of  5  ‘‘field-mills'';  we  only  used  the  output  of 
one  of  them  to  follow  the  evolution  of  the  discharge 
procerses.  The  main  characteristics  of  this  sensor 
is  an  operating  range  of  +  100  kV/m  and  a  handwldch 
from  DC  to  20  Hz. 
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The  VHF  and  UHF  antennas  tuned  at  frequencies  of 
120,  300  and  800  MHz  are  connected  directly  by  means 
of  solid  coax  to  the  receivers  which  basically  con¬ 
tain  one  filter  with  a  4  MHr  bandwidth  and  a  log- 
amplifier. 

The  whole  Instrumentation  follows  the  block  diagram 
on  figure  1.  Signals  from  the  two  magnetic  sensors 
and  the  electric  field  sensor  are  transmitted  over 
fiber  optic  cables  to  the  shelter  Instrumentation 
Inside  the  aircraft.  These  links  have  a  bandwidth  of 
200  MHr  and  a  dynamic  range  of  40  dB. 

Analog  records  are  carried  out  by  a  H101  analog  re¬ 
corder  on  direct  and  FM  channels  set  on  a  WBII  stan¬ 
dard. 

Digital  records  are  made  on  Tektronix  7612  and  7912 
transient  dlgltlrers  with  a  10  /us  window  for  the 
7612  and  2  /us  window  for  the  7912  and  an  equivalent 
bandwidth  of  100  MHr.  These  dlgltlrers  are  under 
control  of  a  Tektonlx  4041  system  controller.  The 
operating  program  allows  a  train  of  4  acquisitions 
of  10  ^is  window  every  SO  ms,  then  a  deadtime  of  4 
minutes  Is  necessary  to  transfer  the  digital  data 
from  the  computer  memory  to  the  mass  storage  device 
(DC  100  Tape). 

Ill  -  RESULTS 

The  measurements  were  carried  out  during  the  period 
of  time  spreading  from  the  16th  of  June  to  the  28th 
June  1984  and  concern  18  lightning  flashes.  The  sir- 
craft  has  been  flown  over  the  South  of  France  at  an 
altitude  ranging  from  3200  to  6400  m  moat  of  the 
time  between  0*0  and  -8*C.  There  have  been  7  light¬ 
ning  Impacts  on  the  front  boom,  4  lightning  Impacts 
on  the  wings  and  7  non- localized  lightning  Impacts. 


III.l  -  Flash  characteristics 

A  flash  which  consists  of  one  or  more  sequential 
discharges  lasts  several  hundreds  of  milliseconds; 
the  mean  value  Is  300  ms  with  a  standard  deviation 
of  251  ms,  the  extreme  values  are  80  and  800  ms. 
These  durations  are  approximatively  evaluated  by 
looking  st  the  relatively  fast  variations  of  the 
electrostatic  field.  These  fast  variations  cannot  be 
confused  with  the  slow  variations  due  to  the  charge 
cloud  distribution  because  of  the  aircraft  speed 
which  Implies  that  during  100  ms  the  aircraft  has 
only  moved  by  10  m.  The  mean  value  of  these  vari¬ 
ations  Is  70  kV/m  with  a  standard  deviation  of  37 
kV/m;  the  slope  of  the  first  electrostatic  field 
variation  Is  0.8  kV/m/ms  with  a  standard  deviation 
of  270  V/m/ms.  During  the  process,  every  change  of 
slope  In  vhe  electrostatic  field  record  Is  associ¬ 
ated  with  a  series  of  electromagnetic  pulses.  This 
situation  Is  shown  on  figure  2;  the  two  analyzed 
events  correspond  to  front  boom  Impacts;  figures  2a 
and  2c  are  "field-mill"  measurements,  figures  2b  and 
2d  are  the  simultaneous  records  of  the  external 
magnetic  field.  It  can  be  seen  that  the  first  pulses 
are  gathered  in  a  train  form  lasting  some  milli¬ 
seconds  (points  Tj ,  Tj).  This  situation  has  oc¬ 
curred  In  75X  of  the  analyzed  cases;  In  the  25X 
other  cases  Isolated  pulses  start  the  process.  The 
typical  succession  of  pulses  during  the  first  period 
of  the  attachment  process  Is  shown  on  figure  3.  On 
that  picture,  the  first  train  T  lasts  2  ms  and  Is 
followed  by  sharp  Isolated  pulses  P  occurring  sev¬ 
eral  milliseconds  after  and  during  the  whole  pro¬ 
cess.  This  situation  has  already  been  described  by 
Fitzgerald  In  December  1968  |2J,  by  NASA  (3)  and  by 
USAF/FDDL  In  1981  [4). 
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Fig.  2  -  Electrostatic  and  magnetic  fields. 
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Fig.  3  -  Typical  succession  of  electromagnetic 
pulses. 


This  shows  that  the  first  contact  of  the  discharge 
with  the  aircraft  is  different  from  the  following 
ones  and  suggests  some  kind  of  triggering  process. 
Flashes  not  preceeded  by  this  phenomena  may  be  natu¬ 
ral  flashes. 

A  detailed  analysis  of  these  trains  can  be  observed 
on  figure  A  where  four  of  them  are  shown.  As  an  hy¬ 
pothesis,  these  records  suggest  the  growth  of  a 
leader  merging  from  the  aircraft  by  steps  separated 
by  some  100  (is  up  to  a  point  where  a  connexion  oc¬ 
curs  between  this  leader  and  the  cloud  leader.  The 
first  pulses  are  unipolar  and  are  immediately  fol¬ 
lowed  by  bipolar  pulses  as  soon  as  the  contact  has 
been  realized.  These  first  pulses  are  number  1  to  A 


on  figure  Aa,  1  and  2  on  figure  Ab,  1  to  A  on  figure 
Ac  and  1  and  2  on  figure  Ad.  The  following  pulses  in 
these  trains  may  be  oscillatory  like  back  and  foith 
travel  of  the  current  wave  between  the  aircraft  and 
the  cloud,  assuming  a  velocity  of  the  wave  front  of 
10^  m/s  (velocity  usually  assumed  for  a  10  kA 
arc).  The  distance  between  the  aircraft  and  the  end 
of  the  arc  in  the  cloud  would  be  1  km.  The  rise  time 
of  these  pulses  Is  several  microseconds  or  several 
tens  of  microseconds  with  a  repetition  rate  of  10^ 
pulses/s. 

The  following  Isolated  pulses  are  probably  due  to 
sequential  attachments  of  the  arc  or  swept  strokes. 
These  isolated  pulses  are  separated  by  several 
milliseconds  which  correspond  to  attachment  points 
separated  by  some  10  cm  which  is  seen  looking  at  the 
pits  that  the  strikes  left  on  the  booms  and  on  the 
skin  of  the  aircraft.  The  rise  times  of  these  pulses 
are  much  faster,  about  100  ns. 

III. 2  -  V.UHF  records 

The  record'  on  figure  3  show  the  Interest  of  ^HF 
measurements  from  two  different  viewpoints: 

-  from  a  designer  point  of  view,  the  measurement  of 
VHF  field  magnitude  is  useful  for  the  evaluation 
of  the  disturbances  Induced  on  radlocoomunlcatlon 
systems  and  on  automatic  radlonavlgatlon  devices. 
On  figure  5b  which  shows  a  record  uf  the  120  MHz 
radiation  with  a  2  MHz  bandwidth,  the  peak  value 
of  the  field  is  evaluated  at  2.2  V/si  which  corre¬ 
sponds  to  a  value  of  50  mV/m/kHz.  On  figure  5c, 
for  300  MHz  the  peak  value  of  the  field  is  evalu¬ 
ated  at  5  mV/m  which  correspond  to  a  value  of  100 
jiV/m/kHz.  These  values,  much  higher  than  the  usual 
radiocoaDunlcation  levels,  should  not  destroy  the 
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hardware,  but  disturb  the  operating  node;* 

-  from  a  characterization  point  of  view  and  for 
physical  understanding  of  the  process,  VHF  records 
show  two  important  points:  there  is  significant 
VHF  radiation  before  the  attachment  process  de¬ 
fined  by  point  0;  this  can  be  seen  if  a  comparison 
between  figure  5a  (H  field)  and  figure  5b  or  c  is 
made.  This  point  is  not  only  due  to  the  fact  that 
VHF  records  have  typically  40  dB  dynamic  range 
instead  of  40  dB  for  the  H  field  but  also  to  the 
fact  that  the  radiation  coming  from  a  preliminary 
process  has  a  high  frequency  content  that  field 
measurements  cannot  show.  Besides,  during  the 
attachment  Itself,  H  field  shows  rise  times  equal 
to  100  ns  (cf.  3.3)  but  VHF  records  shows  signifi¬ 
cant  values  at  300  MHz  meaning  that  some  very  fast 
physical  processes  are  Involved  with  3  ns  or  less 
rise  times;  figure  5d  which  monitors  800  MHz  radi¬ 
ation  shows  that  the  frequency  content  of  the  pro¬ 
cess  does  not  go  up  to  that  value. 

111.3  -  Hide  band  field  measurements  with  2  jus  win¬ 
dows 


This  type  of  measurement  concerns  ttu  fields  which 
exist  on  the  skin  of  the  aircraft  durii g  the  attach¬ 
ment  process.  The  acquisition  device  is  designed  for 
the  study  of  single  pulses  and  figure  6  shows  the 
results  of  two  acquisitions.  Figures  6a  and  6b  are 
electric  field  measurements;  figures  6c  and  6d  are 
magnetic  field  measurements.  The  mean  value  of  the 
peak  amplitude  of  the  electric  field  variation  is  18 
kV/m  with  a  standard  deviation  of  13  kV/m.  The  mean 
rise  time  is  180  ns  with  a  standard  deviation  of  200 
ns.  For  the  magnetic  field,  the  mean  value  is  150 
A/m  with  a  standard  deviation  of  250  A/m,  the  mean 
rise  time  is  also  equal  to  180  ns.  These  important 
values  of  the  standard  deviation  on  risc'.imes  is  due 


to  the  fact  that  some  pulses  have  rise  times  less 
than  10  ns,  and  some  600  ns,  depending  on  the  time 
when  the  acquisition  has  been  completed  during  the 
whole  process.  The  highest  value  encountered  for  the 
peak  magnetic  field  is  evaluated  at  400  A/m.  This 
would  correspond  to  an  estimated  current  of  5  kA  if 
the  current  had  been  uniformly  distributed  around 
the  fuselage.  This  relatively  low  value  in  regards 
to  what  is  found  in  the  literature  is  due  to  two 
main  reasons.  The  first  and  the  most  important  one 
is  that  the  digitizers  are  working  from  a  trigger 
level  and  did  not  capture  the  highest  pulse  but  the 
first  one  above  the  trigger  level. 

Looking  at  analog  records,  the  first  pulses  above 
the  trigger  level  are  about  three  times  smaller  than 
the  most  important  ones.  This  will  lead  to  maximum 
values  of  the  current  between  10  and  20  kA.  The 
second  reason  is  that  the  current  does  not  flow  uni¬ 
formly  along  the  fuselage,  the  path  of  the  current 
depending  on  the  points  of  entry  and  exit.  The  ratio 
between  the  peak  value  of  the  electric  field  and  the 
peak  value  of  the  magnetic  field  has  a  mean  value  of 
360  ft  with  a  standard  deviation  of  200  ft  which  shows 
that  the  field  is  not  in  a  TEM  mode  at  the  position 
of  the  sensors.  The  frequency  content  of  the  acqui¬ 
sition  is  shown  on  figure  7.  Figures  7a  and  b  con¬ 
cern  the  FFT  of  figures  6a  and  b  waveforms  which  are 
rather  slow  pulses  (100  ns  rise  time)  and  the  fre¬ 
quency  content  has  no  significant  value  beyond  20 
MHz.  Figures  7c  and  d  give  the  FFT  of  one  of  the 
fastest  pulses,  with  a  5  ns  rise  time  non  shown 
here.  The  FFT  shows  that  energy  exists  up  to  60  MHz 
and  a  periodicity  of  pulses  is  seen.  Looking  closer 
on  figure  7b  it  is  possible  to  see  a  spike  between  4 
and  5  MHz  merging  3  dB  above  the  mean  spectrum;  this 
may  be  representative  of  a  longitudinal  mode  of 
resonance  of  the  C160  aircraft. 


Fig.  6  -  Magnetic  and  electric  field  pulses  (wide  band). 


3.P.  Moreau  et  al. 


Fig.  7  -  Fast  Fourier  Transform  of  magnetic  and  electric  field  pulses. 
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Fig.  B  -  External  magnetic  and  Internal  magnetic 
fields  SO  cm  behind  a  38  cm  diameter 
window. 
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I II. 4  -  Penetration  through  the  aperture. 

The  C160  aircraft  has  six  38  cm  diameter  circular 
windows;  behind  one  of  them,  at  I  m  from  the  ex¬ 
ternal  magnetic  and  electric  field  sensors  and  at  a 
distance  of  50  cm  Inside  the  aircraft,  is  set  a  free 
magnetic  field  sensor.  Unfortunately  this  sensor  is 
not  exactly  in  a  free  field  situation  because  of 
others  experiments.  The  response  of  this  sensor  can 
be  seen  on  figures  8  (a  to  d)  which  show  different 
acquisitions.  These  pictures  are  the  superposition 
of  the  external  magnetic  external  field,  Hext,  and 
the  internal  magnetic  field,  Hint.  The  amplitude  of 
the  internal  field  has  been  multiplied  by  a  factor 
of  20  for  all  these  pictures  in  order  to  obtain  the 
two  curves  on  the  same  graph.  It  is  easy  to  see  a 
good  correspondence  between  Hint  x  20  and  Hext  at 
least  at  the  beginning  of  the  waveform  for  about  the 
first  400  ns;  after  this  period,  and  if  the  fre¬ 
quency  content  of  the  excitation  has  got  enough 

energy  in  high  frequency,  some  internal  resonances 
of  the  C160  may  be  excited.  That  is  the  case  on 
figure  8a  for  instance  where  the  5  MHz  resonance 

lasts  longer  on  the  Hint  than  on  Hext.  The  mean  peak 
value  of  the  internal  field  is  6  A/m  with  a  standard 
deviation  of  4  A/m.  Such  a  field  has  a  significant 
magnitude  since  it  can  produce  a  voltage  of  some 

volts  on  a  rectangular  loop  of  10  x  20  cm  which  may 
be  the  ground  line  of  a  printed  circuit  board.  It 
may  be  of  some  interest  to  compare  these  exper¬ 
imental  values  to  the  calculations  found  in  the 

literature  based  on  the  dipole  equivalence  of  an 
aperture.  Starting  from  Maxwell's  equations  and 
writing: 

Hint  =  -  V  x  (in  x  ^G)  -  jap  x  %  (5) 

e“  Jkr 

with  G:  Green's  function  such  as  G  ■  — 

S:  magnetic  dipole  moment, 

{!:  electric  dipole  moment. 

-  -  — ► 

with  the  assumptions  w/c  <<:  1/R  and  calculating  Hint 
on  the  axis  of  the  aperture,  p  is  colinear  to  VC. 

So  Hiqt  -  -  y  x(m  x^V  G) 
with  m  -  -  2  am.Hg,, 

am  -  magnetic  polarlsablllty 
(aB  ■  d’/6  for|  a  d-diameter  aperture) 
l?sc  -  Hext  ■  H  short  circuit. 

It  can  be  shown  that  Hint  is  equal  to: 


with  the  data  corresponding  to  the  experiment  this 
gives  an  attenuation  factor  of  100  between  the  ex¬ 
ternal  and  the  Internal  fields;  the  experiment  gives 
a  factor  of  twenty.  This  difference  may  be  probably 
explained  by  the  fact  that  the  sensor  is  not  actu¬ 
ally  in  a  free  field  environment. 

IV  -  CONCLUSION 

This  airborne  experiment  has  given  a  good  set  of 
data  for  characterization  and  analysis  of  the  in¬ 
direct  effects  of  a  lightning  strike  and  gives  some 
confirmation  on  process  already  seen  by  previous 
experiments . 

The  most  important  results  are  the  followings:  from 
an  electromagnetic  viewpoint  a  flash  lasts  several 
hundred  of  milliseconds,  there  are  two  kinds  of 


flashes:  those  which  begin  by  a  train  of  pulses 
lasting  some  milliseconds  and  followed  by  solitary 
pulses  (7 5Z  of  the  cases)  and  those  which  begin  by 
solitary  pulses. 

The  magnitude  of  the  fast  field  variation  on  the 
skin  of  the  aircraft  does  not  exceed  600  A/m  for  the 
H  field  and  50  kV/m  for  the  E  field.  The  rise  time 
for  the  majority  of  the  pulses  is  about  100  ns. 
These  value  may  lead  to  reconsider  the  moderate 
threat  value  given  in  the  AEHP  program  [6)  (50  kA/ps 
and  20  kA  peak)  since  the  values  found  there  are  15 
kA  peak  and  150  kA/ps). 

Digitizers  and  VHF  experiments  have  shown  pulses  of 
a  few  nanoseconds  rise  t1  le  occurring  along  the 
whole  process.  The  penetration  of  the  measured 
fields  through  the  aperture  is  5  times  greater  than 
predicted,  which  means  that  one  has  to  be  cautious 
while  applying  this  type  of  model  to  actual  situ¬ 
ations;  nevertheless  calculations  are  not  going  too 
far  and  give  an  idea  of  what  could  be  expected. 

The  experiment  has  shown  the  great  interest  of 
studying  VHP  radiations  for  by  this  mean  it  is  poss¬ 
ible  to  analyse  the  high  frequency  content  of  the 
radiation  during  the  whole  process  (7). 

Although  the  characterization  of  the  field  on  the 
skin  of  the  aircraft  is  well  known  by  the  C580  and 
the  Cl 60  experiments,  the  relationship  between  the 
arc  current  and  the  fields  is  still  unknown.  The 
little  number  of  sensors  disposed  on  the  C160  does 
not  allow  to  study  the  current  path.  Future  exper¬ 
iments  will  be  necessary  to  work  on  that  point  in 
order  to  determine  how  much  of  the  current  flows 
directly  through  the  aircraft  and  what  is  the  im¬ 
portance  of  the  impedance  mismatch  between  the 
aircraft  and  the  arc. 
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ABSTRACT 


Much  of  the  extensive  capability  associated  with  military  end  commarciai  aerospace  vahlcias  Is  provided 
by  evionic  equipment  thet  electronically  processes  relativaly  large  amounts  of  deta.  Although  such  capa¬ 
bility  exists  in  vahicies  now  in  service,  future  vahicies  will  require  substantially  more  extensive  data-pro- 
cessing  capability.  The  two  methodologies  used  for  electronic  deta  processing  ere:  1)  analog,  and  2)  digital, 
but  two  processing  faults  (disruptions  of  data  flow  end  undasired  operations  on  data)  significantly  compromise 
the  integrity  of  processed  deta.  This  paper  identifies  fundamental  differences  between  tha  two  method¬ 
ologies,  and  discusses  the  implications  relative  to  tha  immunity  of  tha  electronic  equipment  within  en  aero¬ 
space  vahicie  to  any  detrimental  effects  produced  by  lightning. 


I  -  INTRODUCTION 

Much  of  the  extensive  capability  associated  with 
military  and  commercial  aerospace  vehicles  Is 
provided  by  avionic  equipment  that  electronically 
processes  relative^  large  amounts  of  data.  Although 
such  capability  exists  In  vehicles  now  In  service, 
substantially  more  extensive  data  processing 
capability  will  be  required  In  future  vehicles. 

The  two  methodologies  used  for  electronically 
processing  data  are  1)  analog,  and  2)  digital,  but 
two  processing  faults  (disruptions  of  data  flow  and 
undesired  operations  on  data)  significantly 
compromise  the  Integrity  of  processed  data. 


II  -  DISCUSSION 


Analog  Computers 

When  data  is  processed  by  analog  computers,  the  data 
Is  simultaneously  applied  to  many  dedicated  computing 
elements.  The  data  flow  Is  then  confined  to 
specific,  well-defined  paths  when  these  element  are 
connected  In  the  configuration  to  meet  the  design 
objectives  for  the  specified  operation  of  a  particu¬ 
lar  analog  computer.  The  computing  elements  within 
an  analog  computer  are  Individual  circuits  along  a 
computing  path. 

Undesired  operations  on  data  occur  In  analog 
computers  when  data  paths  are  merged  In  an 
unspecified  manner  or  when  an  electronic  circuit 
malfunctions.  Disruptions  In  data  flow  are  the 
result  of  disruptions  In  the  normal  operation  of  some 
electronic  circuit,  and  the  circuit  disruptions  can 
be  permanent  due  to  the  failure  of  a  circuit  element, 
or  they  can  be  transient  because  of  Interference  by 
Illegitimate  signals.  Since  data  paths  In  an  analog 
computer  a'e  limited  to  specific,  well-defined  con¬ 
nections  of  dedicated  electronic  circuits,  virtually 
all  possible  data  paths  are  Identifiable.  Therefore, 
circuit  malfunctions/failures  can  be  Identified  with 


relatively  high  confidence  by  applying  test  methodol¬ 
ogies  that  have  been  proven  by  extensive  experience 
with  such  equipment.  In  other  words,  because  of  the 
very  structured  control  of  data  flow  Inherent  In 
analog  computers,  such  special-purpose  equipment  can 
be  predicted  to  fall  in  a  special  or  specifically 
predictable  manner.  As  a  result,  verification  tests 
have  proven  effective  In  establishing  proper 
equipment  operation  and  revealing  any  significant 
malfunctions  attributable  to  exposure  to  external 
environments. 

Analog  computation  for  aerospace  vehicle  feedback 
control  is  generally  unsusceptible  to  external 
Interference  signals  of  relatively  short  duration 
(less  than  1  ms  transients)  because  the  feedback 
control  signals  of  such  vehicles  (feedback  control  of 
the  mechanical/hydraulic  systems  within  them)  change 
relatively  slowly  (as  compared  to  lightning-induced 
transients),  and  because  of  the  special-purpose 
nature  of  their  computing  elements  (specific 
dedicated  electronic  circuits). 

Within  an  analog  computer,  only  the  data  whose 
construction  requires  significant  time  to  be  produced 
(state  variables)  can  be  Irreversibly  compromised  by 
transients  (the  term  transient  Is  Intended  to  mean 
that  class  of  short  duration  Illegitimate  signals 
which  possess  the  agency  to  Interfere/disrupt).  In 
addition,  within  an  analog  computer  a  state  variable 
will  be  unique  to  a  dedicated  computing  element. 

Data  associated  wHh  other  variables  may  be  scrambled 
momentarily  by  transients,  but  will  return  to  normal 
after  the  transients  die  out.  The  information 
provided  by  state  variables  derived  In  computing 
elements  used  for  feedback  control  (control  state 
variables)  Is  usually  stored  in  circuit  elements  that 
require  relatively  large  amounts  of  energy,  or  orders 
of  magnitudes  greater  than  that  encountered  in 
Interfering  transients,  to  cause  significant  changes 
In  the  Information  (outputs  change  slowly  for 
electronic  Integrators  and  the  lag/fllter  circuits 
that  have  large  time  constants).  So  even  though 
control  state  variables  apnear  to  drastically  change 
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when  transients  penetrate  complex  active  devices 
(operational  amplifiers,  etc),  they  will  immediately 
return  to  the  value  that  existed  before  the  transient 
after  the  transient  has  passed. 

The  state  variables  In  analog  computers  that  are  most 
susceptible  to  transients  are  logic  states  that  are 
latched.  Latches  provided  by  high-speed,  integrated 
circuits  (flip-flops,  counters,  etc.)  can  be  toggled 
(change  state)  by  relatively  small  amounts  of  energy. 

In  an  analog  computer  designed  to  provide  feedback 
control  within  aerospace  vehicle,  there  should  be  no 
fundamental  requirement  for  high-speed  control  of 
logic  states.  Susceptibility  of  latch  circuits  to 
transients  could  be  virtually  eliminated  by  adopting 
storage  elements,  which  require  energy  that  Is  orders 
of  magnitude  greater  than  that  encountered  by  Inter¬ 
fering  transients  to  be  changed  (lags  with  relatively 
large  time  constants),  as  part  of  the  latch  feedback 
path  or  memory.  Thus,  because  of  the  Inherent  nature 
of  the  computing  elements  within  this  kind  of 
special -purpose  computer,  It  Is  possible,  to  design 
an  analog  computer  that  Is  unsusceptible  to  Inter¬ 
fering  transients  If  a  moderate  degree  of  design 
emphasis  Is  placed  on  susceptibility  Innunlty. 

Digital  Computers 

When  data  is  processed  by  digital  computers,  the  data 
Is  applied  to  one  general-purpose  computing  element 
known  as  an  arithmetic  logic  unit  (ALU).  Eventually, 
data  to  be  processed  must  be  directed  along  the 
common  paths  or  data  buses  that  transmit  It  to/from 
the  ALU.  Data  either  waiting  to  be  processed  or  data 
that  Is  already  processed  Is  held  In  the  computer's 
memory.  Data  processing  Is  directed  by  a  set  of 
general-purpose  Instructions  (Instruction  set),  and 
this  general  method  of  data  processing  Is  tailored  to 
a  specific  application  by  a  collection  of  individual 
Instructions  from  the  Instruction  set.  In  state-of- 
the-art  digital  avionic  computers,  this  list  of 
Instructions  or  program  can  contain  more  than  100,000 
Instructions  that  are  to  be  executed  In  many  differ¬ 
ent  sequences  and,  like  data,  this  program  must  also 
be  stored  In  memory.  The  subelements  of  the  ALU  and 
memory  are  electronic  circuits.  However,  unlike 
analog  computers,  It  Is  not  possible  to  restrict  data 
flow  to  the  specific  paths  associated  with  dedicated 
computing  elements  since,  when  executed,  virtually 
all  Instructions,  control  data  flow  and,  In  this 
respect,  the  ALU,  memory  and  data  buses,  should  be 
considered  part  of  the  total  data  path. 

Integrated  circuit  technology  provides  the  Inter¬ 
connection  of  many  of  the  various  logic  circuits 
“cells*1  that  compose  the  ALU  and  memory  as  a  single 
electronic  device.  Within  representative  digital 
computers,  the  actual  ALU  and  memory  area  result  when 
the  appropriate  devices  from  various  types  of  digital 
Integrated  circuits  are  connected  together.  The 
degree  of  circuit  Integration  can  range  from  hundreds 
of  Individual  solid-state  active  -  pn  junction, 

FET  -  and  passive  circuit  elements  (LSI)  to  thousands 
o'  such  elements  (VLSI).  Even  larger-scale  Integra¬ 
tion  Is  anticipated  for  the  electronic  devices  within 
future  digital  avionic  computers. 

Obviously,  a  digital  computer  Intended  for  avionic 
application  has  a  complex  program  with  a  larger 
nuwer  of  Instructions,  It  Is  therefore  virtually 
Impossible  to  Identify  all  possible  data  paths,  and 
extreme  care  must  be  taken  to  avoid  any  undesirable 
operations  on  data  or  the  merging  of  data  In  an 


unspecified  manner  because  of  software  faults.  Also, 
while  failures  of  the  electronic  circuits  (hardware) 
within  the  computer  will  often  be  obvious  because  of 
the  resulting  wholesale  disruption  of  data  process¬ 
ing,  device/circuit  complexity  defies  conventional 
failure-mode  analysis.  It  Is  virtually  impossible  to 
predict  the  effects  of  all  possible  circuit  disrup¬ 
tions,  whether  they  are  permanent  and  caused  by 
circuit  element  failure,  or  transient  and  caused  by 
Illegitimate  signal  Interference.  Therefore,  disrup¬ 
tions  In  data  flow  can  either  be  permanent  due  to  the 
destruction  of  a  software  Instruction  or  the  failure 
of  a  circuit  element,  or  transient  due  to  Illegiti¬ 
mate  signal  Interference. 

Because  of  the  relative  newness  of  digital  tech¬ 
nology,  the  corresponding  Inexperience  with  digital 
data  processing,  and  the  hardware  and  software 
ccmplexltles  of  digital  avionics,  test  methodologies 
that  establish  an  acceptable  confidence  level  of 
proper  equipment  operation  are  still  evolving.  As  a 
result  of  the  generalized  nature  of  the  data-flow 
control  Inherent  In  digital  computers,  such  general- 
purpose  equipment  can  fall  In  a  general  manner 
(failure  manifestation  can  range  from  wholesale  and 
obvious  to  subtle,  unpredictable,  and  Insidious). 
Because  of  this,  the  effectiveness  of  verification 
tests  to  reveal  significant  equipment  malfunctions 
attributable  to  external  exposure  are  limited. 

Since  all  data  to  be  processed  In  a  digital  computer 
passes  through  the  ALU,  high-speed  data  transmission 
Is  fundamental  to  the  operation  of  digital  avionic 
equipment  that  executes  large  numbers  of  Instructions 
In  a  computation  cycle.  The  need  for  high-speed  data 
handling  translates  Into  high-speed  electronic 
devices  that  by  nature  respond  to  rapidly  changing 
signals,  whether  the  signals  are  legitimate  or  not. 

As  a  result,  because  very  fast,  Intense  transients 
can  penetrate  past  the  Input  Interface  Into  Interior 
circuits,  both  memory  and  data  control  within  a 
digital  computer  are  susceptible  to  transient  disrup¬ 
tion.  To  eliminate  the  threat  of  destroying  or 
permanently  scrambling  program  Instructions  stored 
within  digital  avionic  equipment  memories,  software 
resides  In  read-only  memory  (ROM)  so  that  even  If  the 
logic  states  of  ROM  elements  are  momentarily  changed 
by  transients,  they  will  return  to  normal  after  the 
transients  die  out. 

In  addition  to  momentary  logic  state  changes,  device 
damage  may  also  be  of  concern  relative  to  both  memory 
and  the  ALU  because,  as  the  degree  of  Integration 
Increases  In  that  devices  contain  more  and  more 
circuit  components,  the  geometries  of  Individual 
circuit  elements  decrease.  Smaller  geometries  mean 
lower  damage  energies  as  well  as  lower  switching 
energies  (faster  switching  times). 

In  addition  *o  the  ROM  elements  associated  with 
digital  avionic  equipment,  all  digital  computers  must 
provide  random  access  memory  (RAM-wrlte/read) 
elements  to  store  data  that  Is  always  being  updated. 
Unlike  ROM,  RAM  (logic  latches)  states  can  be 
permanently  changed  by  transients  and,  as  observed 
during  the  discussion  of  analog  computers,  loss  of 
state  variable  Information  Is  a  key  Issue  associated 
with  the  Inherent  upset  susceptibility  of  RAM  since 
state  variables  represent  the  class  of  processed  data 
that  can  be  Irreversibly  compromised  when  changed  In 
an  unorthodox  manner. 

The  preceding  discussion  has  beun  centered  around  the 
characteristics  of  digital  avionic  equipment  as  they 
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relate  to  the  impact  of  transients  (upset  suscepti¬ 
bility,  hardware  complexity,  software  complexity). 

To  attempt  to  anticipate/neutralize  all  possible  or 
specific  ways  this  general-purpose  approach  to  com¬ 
puting  can  be  upset  by  transients  would  be  an 
exercise  in  futility.  Because  of  the  general  nature 
of  digital  computer  susceptibility  to  transients,  the 
solutions  to  this  problem  must  also  be  general,  as  in 
the  example  of  ROM  usage  in  digital  avionic 
equipment. 

Lightning  is  an  external  environment  producing 
transients  that  are  sufficently  fast  and  intense  to 
both  damage  and  upset  electronic  equipment.  Since 
lightning  can  induce  transients  on  wiring  throughout 
an  aerospace  vehicle,  it  can  also  be  a  threat  to 
functions  based  on  the  use  of  redundant  electronic 
equipment.  The  Interaction  of  lightning  with  aero¬ 
space  vehicles  and  the  subsystem  equipment  within  is 
a  situation  that  is  extraordinarily  complex.  There¬ 
fore,  a  complementary  cycle  of  testing  and  analysis 
will  play  a  critical  role  in  programs  involving  the 
development  of  such  equipment  when  the  eletromagnetic 
environment  produced  by  lightning  is  a  significant 
issue. 

If  the  electronic  equipment  being  considered  uses  an 
analog  computation  approach,  the  testing  and  analysis 
methods  to  demonstrate  that  equipment  will  not  be 
damaged  or  that  the  duration  of  any  interference  will 
not  be  significant  already  exist  and  are  relatively 
straightforward.  These  methods  have  been  applied  to 
a  broad  spectrum  of  aerospace  vehicle  electronic 
equipment.  This  spectrum  ranges  from  government- 
furnished  equipment  that  has  been  part  of  government 
Inventory  for  an  extended  period  of  time,  and  which 
was  not  specifically  designed  to  be  compatible  with  a 
lightning  environment,  to  state-of-the-art  equipment 
whose  design  included  requirements  for  lightning/EMP 
compatibility.  Essentially,  these  established 
methods  use  the  direct  or  specific  approach  to  verify 
that  lightning  or  EMP  requirements  have  been 
satisfied.  The  direct  approach  entails  a  detailed 
Investigation  of  every  computing  element  and  data 
path.  This  approach  can  even  be  used  In  assessing 
digital  equipment  to  verify  that  lightning-induced 
transients  will  not  reach  levels  sufficient  to  cause 
device  damage.  When  circumstances  are  amenable  to 
such  an  approach,  verification  testing  can  be  used 
with  a  relatively  high  level  of  confidence  that  such 
tests  will  establish  conformance  to  requirements. 

Unfortunately,  It  Is  not  clear  that  the  direct 
approach  will  be  effective  when  immunity  to 
lightning-induced  transient  interference  of  digital 
computations  Is  the  requirement  to  be  resolved.  The 
Issues  associated  with  this  situation  are  so  general 
and  so  complex  that  verification  of  this  requirement 
will  critically  rely  upon  Interpretation  of  develcp- 
ment  test  and  analysis  data.  The  analysis  should  not 
only  Include  a  detailed  explanation  of  the  candidate 
design  but,  more  importantly,  the  rationale  that 
underlies  and  justifies  the  design  concepts. 

For  example,  if  the  design  is  based  on  the  general 

fosition  that  transient  penetration  can  be  suppressed 
o  the  point  where  interference/damage  levels  of  the 
critical  internal  circuitry  will  never  be  approached, 
then  the  analysis  would  have  to  clearly  establish  a 
high  level  of  confidence  that  this  objective  has  been 
achieved.  Immunity  to  the  effects  of  Internal 
transients  is  another  general  position  upon  which  a 
design  could  be  based.  In  that  Instance,  the 
analysis  should  contain  component  safety-margin 


Information  and  a  description  of  computation  recovery 
(reset,  initialization,  and  restart  of  the  computa¬ 
tion  cycle).  When  assessing  digital  computer 
susceptibility  to  interference,  another  key  analysis 
contribution  would  be  the  identification  of  any 
critical  windows  In  the  computation  cycle. 

Uhen  lightning  is  an  environmental  consideration, 
analysis  will  be  the  fundamental  means  by  which 
verification  of  the  conformance  of  digital  avionic 
equipment  to  lightning  requirements  is  achieved.  Any 
apparent  discrepancies  in  verification  conformance 
that  cannot  be  resolved  with  confidence  could  be 
included  as  part  of  the  justification  for  the  perform, 
ance  of  verification  tests.  Conditions  that  produce 
such  discrepancies  should  be  closely  monitored  during 
verification  testing  to  show  that  equipment  does 
Indeed  conform  to  lightning  requirements. 

But  even  if  there  are  no  apparent  discrepancies, 
intelligently  performed  verification  tests  will  play 
an  effective  and  important  corroborative  role  in 
establishing  an  additional  margin  of  confidence  in 
the  analysis  conclusion  that  shows  conformance. 

Ill  -  CONCLUSIONS 

Several  technology  trends  associated  with  aerospace 
vehicle  design  in  the  direction  that  Impact  lightning 
vulnerability  in  a  negative  manner  are  listed  below 
(Ref. 1): 

•  Dramatically  Increase  the  use  of  carbon-fiber 
reinforced  plastics  (CFRP)  for  the  vehicle  skin 
and  primary  structures. 

•  Steadily  lower  susceptibillty/vulnerabillty 
(S/V)  vels  of  electronic  devices. 

•  Substantially  Increase  the  volume  of  data 
processed  by  digital  electronics. 

The  Inherent  conductivity  of  CFRP  is  significantly 
lower  than  aluminum.  As  a  result,  shielding  afforded 
by  vehicle  surfaces  and  internal  structural  members 
will  be  significantly  reduced.  Thus,  more  of  the 
burden  for  the  attenuation  of  tho  electromagnetic 
(EM)  environment,  both  external  and  Internal,  will 
have  to  be  assumed  by  subsystem  elements  and 
structures,  such  as  shielded  bays,  shielded  wiring, 
equipment  enclosures,  and  fiber  optics.  In  addition, 
the  immunity  of  electronic  equipment  to  the  substan¬ 
tial  transients  caused  by  lightning  will  have  to  be 
enhanced  through  appropriate  design  techniques.  For 
analog  computers,  this  may  Include  judicial  applica¬ 
tion  of  high-speed  logic  devices  and,  when  they  are 
used,  careful  treatment  of  latch  circuits.  For 
digital  computers,  the  measures  used  to  achieve 
designs  that  provide  immunity  to  such  transients  will 
be  substantially  more  complex.  Involving  appropriate 
architectural  elements  and  proper  application  of 
design  techniques  associated  with  high-speed  date 
processing. 

It  is  Interesting  to  note  that  original  work  to 
characterize  digital  computer  upset  Is  being  pursued 
by  the  sector  of  the  technical  community  concerned 
with  the  effects  of  lightning  on  aerospace  vehicles 
(Ref.  2,  3,  *,  5).  The  investigation  of  monitors  to 
detect  upset  Is  Included.  The  potential  threat  to 
high-speed  data  processing  posed  by  EM  environments 
is  Illustrated  by  the  following  qualitative  assess¬ 
ment  which  anticipates  that  transients  Induced  into 
subsystem  Interface  cables  will  be  controlled  to 
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values  that  are  consistent  with  those  defined  as 
Level  3  (300/600  volts)  In  document  AE4L-81-2.  The 
energy  In  an  Interface  cable  associated  with  the 
double  exponential  pulse  Is  on  the  order  of  10 
mil  11 joules  (mj);  It  would  be  on  the  order  of  1  mj 
for  the  damped  sinusoid  pulse.  Such  broadband 
waveforms  represent  the  type  of  signals  that  can  be 
induced  on  cables  by  lightning  or  other  EM 
envlroments  (which  can  also  penetrate  Into  burled 
electronic  computing  and  storage  elements). 

Extensive  testing  of  electronic  devices  has  revealed 
that  damage  thresholds  of  LSI  devices  are  on  the 
order  of  100  nanojoules  when  they  are  exposed  to 
short  duration  pulses  of  1  microsecond  or  less  (Ref. 
7,  8).  Oevlce  upset  occurs  for  energies  an  order  of 
magnitude  lower  or  more.  The  damage  energy  corre¬ 
sponding  to  VLSI  devices  Is  projected  to  be  on  the 
order  of  1  nanojoule.  This  Is  consistent  with  the 
order  of  magnitude  or  more  reduction  In  device 
geometries.  Thus,  Inception  of  VLSI  device  upset 
would  occur  for  energies  less  than  1  nanojoule.  This 
wide  disparity  between  threat  levels  and  upset  levels 
(10?  or  greater)  clearly  highlights  the  potential  for 
the  wholesale  disruption  of  data  processing  and  the 
corruption  of  stored  data.  Obviously,  device  damage 
Is  also  an  issue  of  concern. 

The  ability  to  automatically  detect  significant 
disruption  of  data  processing.  Initialize  the 
processing  cycle,  recover  all  critical  variables  and 
reinstate  processing  would  result  In  a  digital  data 
processor  that  Is  as  Immune  to  significant  disruption 
of  computed  functions  as  an  analog  data  processor. 

In  addition,  this  high  degree  of  computing  Integrity 
could  be  further  enhanced  by  the  application  of 
fiber-optic  data  transmission  between  electronic 
computers. 
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Abstract  -  A  new  tubular  extrusion  form  of  transient  suppressor  made  from  metal -oxide-varistor  (NCV) 
material  could  improve  the  effectiveness  of  transient  suppression  systems.  The  new  component  was 
desioned  for  installation  directly  on  the  pins  of  system  wiring  connector'  minimizing  added  hulk  and 
weioht.  The  physical  construction  lends  itself  to  relatively  large  conducting  areas  and  inherent  heat¬ 
absorbing  mass,  thereby  aiding  the  ability  to  divert  transient  peak  current  and  to  sustain  deposited 
enerqy.  The  electrical  characteristics  of  the  new  connector  pin  varistors  have  been  shown  to  be 
generally  similar  to  commercial  disc  varistors  of  comparable  voltage  and  active  physical  volume. 
Electrical  ratings  were  first  estimated  by  projection  from  other  forms  and  then  empirically  verified  by 
evaluation  testing.  It  was  concluded  that  these  devices,  which  also  exhibit  resistance  to  the  stress  of 
radiation,  have  a  manifest  potential  to  improve  transient  voltage  protection  of  both  aerospace  and  ground 
electronic  systems. 


I  -  INTRODUCTION 

The  advance  of  microelectronics  has  broueht  powerful 
new  capabilities  to  aerospace  and  ground  electronic 
s.’'sta,is.  An  obvious  effect  is  miniaturization  which 
has  greatly  increased  functional  density  within  a 
given  volume  or  mass.  Reliability  is  potentially 
better  because  of  fewer  and  shorter  interface  connect¬ 
ions,  and  the  reduction  of  size  and  conductor  length 
also  ccn  improve  response  speed  or  extend  bandwidth, 
however,  the  sophisticated  semiconductor  chips  which 
lie  at  the  heart  of  new-generation  electronics  require 
more  elaborate  protection  against  damage  or  upset  by 
voltage  transients,  lienee,  the  need  for  transient 
"irotection  has  been  multiplied. 

The  installation  of  transient  suppression  within 
system  cable  connectors  is  a  relatively  new  approach 
to  tile  implementation  of  transient  voltage  protection, 
and  one  which  imposes  new  requirements  on  the  suppress¬ 
or  components  themselves.  Host  existing  forms  of 
transient  suppressors  have  limitations  of  one  kind  or 
another.  These  drawbacks  might  relate  to  their 
physical  size  and  shape,  to  their  electrical 
performance,  or  to  their  resistance  to  possible 
environmental  stresses  when  used  in  some  applications. 
And  because,  in  general,  some  compromise  or  balance  of 
performance  characteristics  will  be  necessary  certain 
design  features  might  be  weighted  more  heavily  than 
others.  This  paper  describes  the  results  of  a  program 
to  develop  a  new  form  of  transient  suppressor  intended 
to  best  fill  a  particular  set  of  requirements. 


11  -  DEVICE  MODEL 

Extruaed  tubular  form  capacitors  have  been  widely  used 
for  some  time  as  high  frequency  RF  filterino  elements 
within  multi-pin  connectors.  The  advantage  of  this 
hollow  cylindrical  shape  is  that  the  component  can  be 
slipped  over  connector  pins  witliout  requirino  major 
redesign  or  size  Increases  in  the  connector  bodies. 
Experimental  transient  suppressors  of  this  form  also 
were  made  sone  years  ago  by  machining  them  from  blocks 
of  metal -oxide-varistor  material .[lj  Since  that  time 
materials  have  been  significantly  improved  in 
electrical  performance  and  extended  in  ranne  of 


available  voltages.  But  extensive  effort  was  still 
required  to  develop  MOV  materials  suitable  for  the 
production  of  extrusion  shaped  Partson  a  oh  volume 
scale.  The  wire  sizes  used  in  medium  and  hioh  density 
connectors,  American  wire  guage  numbers  20  and  22, 
presented  the  greater  challenge  because  of  smaller 
diameters  and  narrower  wall  thicknesses.  The  part 
dimensions  used  are  shown  in  Figure  1. 
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Figure  1-  Outline  Dimensions  -  Millimeters 


The  material  composition  of  MOVs  consists  of  over  90 
zinc  oxide,  bismuth  oxide,  and  other  metal  oxides. 

These  materials  can  be  prepared  and  processed  into 
specific  forms  by  techniques  parallel  to  those  used  to 
make  ceramic  capacitorsof  similar  form  such  as  c^scs, 
chips  and  extruded  tubes,  however,  despite  a 
mechanical  similarity  to  some  passive  devices  MOV’s 
are  active  semiconductor  devices.  Zinc  oxide  is 
widely  recognized  as  a  semiconductor  material  [3  . 

The  properties  of  single  junction  zinc  oxide-bismuth 
oxide  semiconductor  diodes  have  been  studied  and 
reported  £5-  That  study  revealed  a  breakdown  voltage 
different  from  silicon  diodes,  as  expected,  and 
demonstrated  a  sharf  transition  from  the  non  conducting 
to  the  conducting  renion  with  a  highly  non  linear 
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I-V  characteristic  typical  of  a  good  semiconductor 
material.  These  characteristics  tend  to  carry  over 
into  large  NOV  forms  which  typically  contain  many 
thousands  of  semiconductinn  junctions. 

As  is  well  known  zinc-oxide  metal -oxide-varistor 
material  consists  of  many  individual  grains  of  Zno 
separated  by  a  thin  intergranular  layer  containing 
oxides  of  bismuth  and  other  elements.  This  structure 
usually  is  irregular  in  actual  configuration  but  for 
didactic  purposes  it  is  conventional  to  represent  it 
as  a  more  uniform  layout.  C4l  Figure  2  represents  the 
idealized  nicrostructure  of  a  segment  of  the  cross- 
section  of  a  tubular  varistor  form.  Effectively,  each 
ZnO  nrain  is  a  resistor  and  each  grain  boundary  is  a 
miniature  varistor.  Hence,  NOV's  internally  are 
complex  series  parallel  networks  of  semiconducting 
diodes  and  resistors.  In  turn,  each  diode  will  have 
an  associated  capacitance  and  leakage  resistance 
element.  The  reduction  of  this  network  leads  to  the 
varistor  equivalent  circuit  model  of  Figure  3. 


Ag  electrode,  exterior 


ZnO  qrains 


Semiconducting 

Interfaces 


'Ag  electrode,  interior 
Figure  2.  Idealized  MOV  Microstructure 


figure  3.  Varistor  Equivalent  Circuit 


For  many  practical  applications,  perhaps  most,  It  is 
possible  to  further  reduce  the  equivalent  circuit  of  a 
varistor.  Device  capacitance  and  paral lei  leakage 
resistance  have  negligible  effect  on  transients  except 
those  of  very  low  energy  Provided  that  connecting 
leads  are  short,  preferably  less  1  cn  in  length,  the 
lead  Inductance  also  has  negligible  effect  under 
typical  8/20  and  10/1 000  s  transient  current  wave¬ 
shapes.  1 51  In  such  cases  the  varistor  model  reduces 
to  a  simple  fixed  resistance  in  series  with  a  current 
dependent  resistance. 


It  has  been  shown  empirically  that  the  voltaoe 
response  to  current  stimuli  of  typical  MOV's  can  be 
closely  approximated  by  a  behavioral  equation  of  two 
terms.  [6J  This  equation  usefully  is  foundeo  on  the 
simple,  but  meaningful,  electrical  and  physical  nodel 
of  the  device  and  its  variable  design  parameters  as 
fol  1  ov:s : 

Vc  =  alb  +  RSI  (1) 

where  Vc  is  the  varistor  clamping  voltage,  a  is  a 
device  constant,  b  is  the  exponent  of  nonlinearity,  I 
is  the  operating  current,  and  Rs  the  fixed  series  bulk 
resistance  of  the  device.  Since  estimated  values  of 
Rs  typically  are  a  small  fraction  of  one  ohm  the 
second  term  of  equation  (1)  can  be  ignored  when 
operating  current  is  below  one  ampere.  Specifically, 
if  current  is  expressed  in  units  of  mill iamperes,  and 
the  nominal  varistor  voltage  Vfj  is  defined  as  the 
voltage  at  a  test  current  of  one  mil  1 iampere,  then  it 
is  apparent  that  V\(  has  the  same  numerical  value  as 
the  device  constant,  a. 

Vf|  =  alb  =  I  a  I ,  if  I  =  1.  (2) 

EFFECTS  OF  PHYSICAL  GEOMETRY 

The  physical  dimensions  of  the  varistor  can  be  related 
to  the  electrical  nodel.  First,  let  p  represent  the 
voltage  gradient  characteristic  of  varistor  material 
as  described  in  units  of  V/mm  at  a  test  current  of 
1  nA,  where  numerical  values  of  p  in  the  range  of 
about  10  to  500  are  practical.  (Cinensional iy,  the 
material  gradient  would  be  correctly  measured  as 
kiloims/mm.  but  the  usane  of  V/mn  is  common  and 
intuitively  meaningful.)  By  definition  the  device 
constant,  a,  of  anv  varistor  then  can  be  riven  by; 
where  t  is  the  thickness  of  the  varistor  section  in 
mm: 


a  *  pt  (3) 

Also,  by  the  conventional  formula  for  resistance  in 
terns  of  material  resistivit1',  £  ,  and  conductor  areas 

A:  Rs=eVA  (4) 

Substitution  of  (3)  and  (4)  into  (1)  gives: 

\’c  *  t  (plb  +  pI/A)  (5) 

To  find  the  effect  of  material  and  desion  variables  on 
voltage  clamping  performance  it  is  useful  to  define  a 
characteristic  called  clamping  ratio  C.R.,  as  below. 

C.  R.  =  VC/V;<  (6) 

For  varistors  of  a  given  nominal  voltaoe  the  ratio 
C.R.  depends  only  on  the  values  of  b,  p,(>  of  the 
Mterial  used  and  the  conoucting  area  A  as  the  sole 
design  variable.  This  nav  be  demonstrated  bv 
substitution  of  (5)  for  Vc  and  (2)  for  V|j  ir.  equation 
(6).  The  resulting  form  can  be  reduced  as  below. 

C.  R.  *  Ib  *^I/pA  (7) 

As  would  be  expecteo  the  damping  ratio  depends,  first 
of  all,  on  the  nonlinear  exponent,  b.  The  effect  of 
mate-ial  variables  on  this  exponent  can  be  grasped 
intuitively  by  considerino  the  relation  of  the 
varistor  microstructure  to  its  terminal  behavior. 

Each  semiconducting  nrain  boundary  tends  to  act  as  an 
ideal  miniature  varistor  in  series  with  a  fixed 
resistance  of  the  adjacent  ZnO  grain.  A  complete 
structural  nodel  of  a  netal -oxide-varistor  would 
represent  the  device  as  the  series-parallel  combination 
of  a  very  laroe  number  of  these  individual  elements. 
Equations  (1)  and  (7)  effectively  are  reduced  forms  of 
a  complex  svstem,  in  which  exponent  b  may  be  regarded 
as  a  proxy  measure  of  the  homogeneity  of  the  material. 
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The  voltage  drop  across  the  series  fixed  resistance, 
as  represented  by  the  secono  tern  of  (5)  and  (7),  can 
be  minimized  first  by  advanced  materials  with  a  low 
value  of  resistivity.  Secondly,  it  can  be  minimized 
by  selecting  a  material  with  a  high  voltage  gradient 
p:  but  this  choice  is  limited  by  the  fragility  of  a 
thin  section.  Thirdly,  it  can  be  minimized  by  a 
larger  size  part  with  greater  area.  This  is  the  most 
common  variable  used  to  design  or  choose  varistors  for 
the  best  clamping  performance.  Practical  considerat¬ 
ions  of  space  anti  cost  limit  the  range  of  options. 

OTHER  DESIGN  COliSI DERATIONS 

Like  other  devices,  varistors  have  finite  limits  of 
electrical  stress  which  they  can  withstand.  The 
limits  of  a  given  class  of  materials  are  proven  by 
evaluation  testing.  Once  established  these  can  be 
used  to  desion  devices  to  meet  some  rating  qoals  by 
varying  section  thickness  and  conducting  area  over 
some  range. 

At  first  olance  it  might  appear  that  the  surge  with¬ 
stand  capability  could  be  increaseo  simply  by  usino  a 
material  with  a  low  value  of  voltage  nradient,  p, 
thereby  allowing  a  thicker  part.  However,  because  the 
resistance  of  the  material  Itself  adds  to  the  power 
dissipated  at  high  current  this  design  approach  is  of 
limited  value  in  practice.  Also,  any  added  resistance 
tends  to  degrade  the  clamp  ratio.  Hence,  the  goals  of 
better  clamping  voltage  and  greater  energy  capability 
tend  to  be  mutually  exclusive.  A  well-designed 
varistor  Is  a  judicious  compromise  of  these  goals  as 
well  as  other  technical  and  cost  factors. 

The  preceding  proposition  can  be  demonstrated  by 
deriving  an  expression  for  peak  power  density.  Let  PP 
represent  peak  power,  and  let  PPD  be  peak  power 
density.  Gy  substitution  of  equation  (5)  into  the 
definition  of  peak  power: 

PP  *  VI  *  t  (PI  1+b  +  eI2/A)  (8) 

Recalling  that  the  volume  is  given  by  At  the  peak 
power  density  Is: 

PPD  *  PI  1+b/A  +  $IZ/AZ  (9) 

If  values  representative  of  commercial  radial  disc 
varistors  are  assigned  to  all  variables  except  p  then 
clamping  ratio  and  power  density  can  be  compared  in 
their  dependence  on  the  voltage  gradient  usino 
equations  (7)  and  (9).  As  Illustrated  by  Figure  4 
these  characteristics  change  oppositely  with  variation 
of  p.  Also,  there  may  be  side-effects  In  the  material 
electrical  properties  resulting  from  changes  In  the 
material  formulation  which  are  needed  to  vary  p.  The 
best  compromise  will  depend  on  the  specific  needs  of 
the  appl ication. 


Conditions: 


10  30  100  300 


voltage  gradient  p  -  v/mm 


Figure  4.  Variation  of  C.R.,  PPD  with  p. 


Generally,  it  is  desirable  to  minimize  and  control  the 
varistor  standby  current  Ip,  which  is  defined  as  the 
current  measured  with  the  maximum  rated  continuous  o'c 
voltage  Vpa  (dc)  applied.  In  metal -oxide- varistors  the 
region  of  highly  nonlinear  conduction  extends  down  to 
currents  on  the  order  of  20/uA.  Below  this  the  V-I 
characteristic  becomes  Increasingly  affected  by  the 
value  of  the  parallel  leakage  resistance  fVjpp  in 
Figure  3.  This  characteristic  is  also  affected  by 
temperature.  Both  the  ,ionl  Inear  characteristic  and 
the  resistivity  of  the  parallel  path  tend  to  be 
Inherent  properties  of  a  varistor  material.  Changes 
to  the  material  formulation  night  help  to  reduce 
standby  current  sanewhat  but  would  tend  to  compromise 
clanpinn  voltage  and  peak  current  capabil it..*. 

The  parallel  resistance  can  be  modeled  as  dependent  on 
device  neometry.  Let  r  be  the  resistivity  of  the 
varistor  naterial  in  the  off  state  with  other  terms  as 
defined  previously.  Then  sinply: 

ROFF  *  rt/A 

If  the  values  of  r  ana  t  are  fixed  by  the  material  and 
the  application  voltage  then  Popp  can  be  increaseo  by 
using  the  smallest  feasible  varistor  area.  This  ray 
somewhat  reduce  typical  values  of  Id.  however,  the 
affect  on  maxinum  Id  Is  less  because  its  value  is 
determined  mainly  b"  the  nonlinear  region  of  conductior. 

3oth  typical  and  maximum  standby  currents  can  be 
reduced  by  using  a  higher  voltage  varistor  if  a  higher 
protective  level  is  acceptable  to  the  application. 
Alternatively,  a  narrower  tolerance  could  be  specified 
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for  the  varistor  voltage  but  this  would  raise  the 
cost.  Special  testino  to  select  only  varistors  with 
better  values  is  another  approach,  again  affecting 
cost. 

Capacitance  may  be  the  most  difficult  to  adjust  of  I10V 
characteristics.  Firstly,  because  the  principal  role 
of  varistors  is  to  suppress  transients  they  are 
desioned  to  be  cost-effective  in  providing  the  best 
protective  level  and  required  surge  withstand  capabil¬ 
ity.  Capacitance  therefore  tends  to  be  a  residual 
after  other  objectives  have  been  satisfied.  In  many 
applications  varistors  are  connected  across  ac  or  dc 
power  lines,  where  the  magnitude  of  capacitance  or  its 
device  to  device  variation  are  not  important.  In  fact, 
the  varistor  capacitance  may  be  helpful  In  suppressing 
transients  and  filtering  noise.  Data  transmission 
lines,  however,  are  an  important  exception,  and  control 
of  capacitance  values  is  of  concern. 

If  the  applied  voltage  is  zero,  or  well  below  the 
threshold  of  nonlinear  conduction,  a  varistor  can  be 
regarded  simply  as  a  ceramic  capacitor  whose  value  is 
given  by  the  familiar  formula  for  a  parallel-plate 
capacitor.  If  C  represents  capacitance  and  €  is  the 
dielectric  constant  of  the  particular  material  used: 

C  =€  A/t 

It  should  be  noted  that  the  measured  value  of 
capacitance  is  somewhat  dependent  on  the  frequency  of 
the  test  sional,  and  could  be  25-50%  higher  at  1  Kh‘z 
than  at  1  !>iz. 

From  the  expression  above  it  is  evident  that  a  thicker 
section  of  a  given  material  will  reduce  capacitance, 
but  also  will  raise  the  varistor  voltage.  For  the 
same  voltage  capacitance  perhaps  could  be  reduced  by 
changing  the  material  but  this  may  compromise  other 
properties  such  as  peak  current  ratinn.  The  one  sure 
way  to  minimize  capacitance  is  to  use  the  smallest 
oisc  size  feasible  for  the  application. 

TU8ULAP.  PEC: IETRY  COiiSIDE.TATIOMS 

The  preceding  discussions  were  intended  to  be  general 
ones  applicable  to  ilOV's  of  common  shape  such  as  round 
discs  or  rectangular  chips.  The  new  tubular  form  can 
be  approached  with  the  same  analysis,  excepting  that 
the  effective  conducting  area  and  volune  are  a  special 
case  which  might  require  some  Interpretation.  Unlike 
typical  disc  varistors  the  new  tubular  form,  nao'e  as 
described  in  this  paper,  had  different  electrode 
configurations  on  its  conducting  faces.  As  shown  in 
Figure  1  the  interior  wall  was  completely  coated  with  a 
fired  silver  paste  electrode,  and  this  electrode  was 
permitted  also  to  lap  slightly  over  onto  the  exterior 
end';  of  the  tube.  However,  the  actual  exterior 
electrode  was  Isolated  from  the  tube  ends  by  a 
distance  of  roughly  twice  the  wall  thickness.  Hence, 
the  expected  path  of  conduction  was  through  the  thin 
wall  of  the  tube  with  current  flowing  between  the 
exterior  electrode  and  the  segment  of  Interior 
electrode  directly  opposite.  This  fact  leads  to  a 
model  of  effective  electrode  area  A  wuich  uses  the 
circumference  of  the  interior  electrode  of  diameter 
01  times  the  length  1  of  the  exterior  electrode;  i.e. 

A  »TT0i  1 

The  effective  volune  for  dissipation  of  deposited 
transient  energy  in  the  form  of  heat  also  might 
require  some  Interpretation.  Till*-  volume  can  be 
calculated  precisely  as  the  wol^ae  of  the  hollow 
cylinder  of  length  1;  i.e.,  as  the  volume  of  the 
exterior  cylinoer  minus  the  interior  one.  However,  It 
mioht  be  intuitively  satisfying  to  be  able  also  to 


approximate  the  volume  directly  in  terras  of  the  wall 
thickness  t.  Let  0o  represent  the  outside  diameter  of 
the  tube,  with  0-1  and  1  as  the  inside  diameter  and 
length,  so  that  the  volume  L  of  the  tube  then  will  be 
described  by  the  expression: 

l  =  It  i (06  -  0i2)/4  (IT.) 

Uote  that: 

0o  =  01  +  2t  (14) 

If  the  typical  vail  thickness  for  a  given  tubular  part 
is  some  multiple  of  the  inner  diameter,  then 


equation 

(13)  can  be  solved 

in  terras  of  t:  and 

be  shown 

that,  if: 

01  = 

2.5t 

L  = 

8.6t2 

(13) 

and  if: 

01  = 

3t 

L  = 

10. 2t2 

(1C) 

Equations  (15)  and  (IS)  provide  approximations  for  the 
typical  active  volume  of  parts  made  for  wire  "uane 
sizes  22  and  20  respectively. 

CONSTRUCTIOtl  OF  SAMPLES 

Experimental  tubular  varistors  had  been  made  some 
years  ago,  not  from  extruded  forms,  but  by  machining 
of  pieces  from  blocks  of  sintered  110V  material.  Also, 
with  the  limited  choice  of  materials  then  available  a 
wide  range  of  voltage  types  could  not  be  attained. 
Although  a  greater  variety  of  materials  has  since  been 
developed  these  have  been  intended  for  disc  varistors 
which  typically  are  thicker  in  cross-section.  Some 
new  formulations  had  to  be  developed  to  achieve 
voltagenradients  compatible  with  the  thin  walls  of  the 
tubular  form.  Tills  made  It  possible  to  produce  sample 
groups  with  nominal  varistor  voltages  of  8,  33,  220 
and  other  values.  Furthermore,  these  pieces  now  were 
made  by  methods  suitable  for  expansion  to  hlnh  volune 
production. 

In  the  manufacture  of  MOV's  raw  materials  are  process¬ 
ed  into  sintered  forms  by  methods  parallel  to  passive 
ceramic  components.  However,  IlOV's  are  active  semi¬ 
conductor  devices,  as  indicated  by  evidence  of  deplet¬ 
ion  layers  in  varistors  with  the  sane  type  of  behavior 
observed  for  silicon  semiconductor  abroup  p-n  junction 
diodes.  (7)  The  semiconducting  characteristics  of 
varistors  in  any  form  are  sensitive  to  processing 
conditions;  and  the  new  tuaular  shape,  with  a  surface- 
to-mass  proportion  very  different  from  a  disc,  requir¬ 
ed  development  of  new  processing  conditions.  The 
bodies  were  fired  at  peak  sintering  temperatures  of 
about  1200°C  or  higher.  Electroding  was  by  means  of 
thick  film  silver  paste  fired  onto  the  Interior  and 
exterior  walls  of  the  tube  in  the  pattern  of  Figure  1. 

TEST  HETHODS 

111th  the  use  of  design  knowledge  as  described  in  the 
preceding  sections  the  electrical  behavior  of  a  new 
form  or  size  can  be  largely  predicted.  Still,  the 
actual  performance  needs  verification  by  tests  using 
Industry  standard  methods.  For  electrical  character¬ 
istics  the  key  parameters  are  nominal  voltaqe  Vjj; 
clamping  voltage  Vg  and  dc  standby  current  Ig.  For 
some  applications  capacitance  also  is  important.  In 
electrical  rating  assurance  tests  the  vit*l  maximum 
ratings  are  continuous  voltage  Vm(ac)  or  Vm(dc)»  peak 
current  Itm  and  energy  Wtm.  To  conpare  characteristic 
before  and  after  a  stress  the  nominal  voltage  V«  often 
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is  sufficient  as  the  single  end-of-life  criterion; 
because,  if  the  V^  values  initially  were  within 
specification,  and  if  the  values  were  not  shifted  more 
than  10“  by  the  stress,  then  there  is  indication  that 
V-I  characteristics  were  not  shifted  beyond  usefulness. 
In  the  development  of  the  new  tubular  form  varistors 
all  the  above  tests  reported  in  this  paper  were 
conducted  in  accordance  with  IEEE  Standard  C62.33- 
1 9<J2 .  A  description  of  most  of  the  definitions  and 
terms  of  that  standard  also  is  available  in  the 
commercial  literature.  [8) 

In  aodition  to  electrical  performance  the  resistance 
of  the  new  component  to  mechanical  and  environmental 
stresses  was  tested  also.  The  most  interesting  of 
these  was  the  exposure  of  the  metal-oxide-varistor 
material  to  gamma  radiation,  with  results  as  reported 
in  a  later  section. 

EMPIRICAL  TEST  RESULTS 

The  typical  electrical  characteristics  measured  on 
groups  of  test  samples  with  nominal  varistor  voltages 
of  8,  33  and  220  volts  are  listed  in  Table  1.  These 
electrical  values  are  generally  similar  to  those  which 
might  be  observed  on  disc  varistors  of  comparable 
conducting  area. 


Table  1  -  Typical  Characteristics  Observed  0  20-25°C 


Typi 

Vr;  0  1  mA 
(Volts) 

Vc 

(Volts) 

P  I 
(A) 

Ip  P  Vm  dc] 
(<i«)  (Vo  ts] 

C 

(pf) 

V8CP22 

8 

20 

5 

50 

6 

10,000 

V33CP22 

33 

63 

10 

5 

26 

3,500 

V220CP20 

220 

363 

20 

2 

180 

240 

The  new  varistor  form  shows  reduced  voltage  overshoot 
in  response  to  very  fast  rising  transients.  This  stems 
from  its  desiyn  as  a  leadless,  direct-connected 
component.  The  inductance  of  leaded  components  on  the 
other  hand,  in  combination  with  high  values  of  current 
rate-of-rise  can  cause  an  inductive  voltage  drop  across 
the  device  leads  which  adds  momentarily  to  the  clamp¬ 
ing  voltage.  The  overshoot  phenomenon  and  its  reduct¬ 
ion  by  leadless  connection  is  illustrated  by  the 
sequence  of  waveform  photos  of  figures  5,  6  and  7. 
Figure  5  shows  the  open  circuit  voltage  waveform  of  a 
fast  rising  transient  and  Figure  6  shows  the  clamping 
voltage  response  when  a  leaded  disc  varistor  type 
V12ZA1  is  inserted  in  the  circuit.  The  leading  edge 
of  this  clamping  voltage  waveform  gives  evidence  of 
tho  effect  of  lead  inductance  causing  a  short-lived 
overshoot  followed  by  a  damped  undershoot.  Still, 
leaded  varistors  have  been  shown  to  adequately  protect 
typical  integrated  circuits.  CO  rigure  7,  which  is 
the  response  of  a  typical  tubular  varistor  type 
V8CP22  in  the  same  circuit,  shows  how  the  new  leadless 
form  has  virtually  eliminated  leao  inductance  overshoot. 

The  results  of  operating  life  testing  are  shown  in 
Figure  6.  This  graph  displays  power  dissipation 
averaqe  readings  observed  on  two  groups  of  different 
type  samples.  One  group  was  tested  under  dc  power 
line  conditions,  the  other  with  ac  voltaqe  applied. 
These  power  dissipation  values  were  observed  by  insitu 
measurements;  i.e.,  with  the  test  pieces  in  a  chamber 
at  elevated  temperature  and  with  the  continuous 
voltage  applied.  Both  groups  demonstrated  relatively 
low  power  dissipation  and  stable  behavior  over  the 
test  period. 


Vert:  200V/div.  Hor:  50  ns/div. 
Fioure  5.  Open  Circuit  Transient  Voltage 


Vert:  5V/div.  Hor:  50  ns/div. 

Figure  6.  Suppressor  Lead  Inductance  Overshoot 


* 

1 

♦ 

i 

•  J 

Vert:  5V/d1v.  Hor:  50  ns/div. 
Figure  7.  Transient  Suppressed  by  V8CP22 
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Figure  8.  Typical  Life  Test  Stability 

The  results  of  pulse  testing  are  shown  in  Table  2. 

This  lists  the  test  stresses  and  the  typical  effect 
on  nominal  varistor  voltage.  It  should  be  noted  that 
these  stress  levels  were  intended  to  reflect  rating 
conditions  producing  a  very  low  rate  of  failure.  The 
levels  required  to  reach  the  threshold  of  catastophic 
failure  might  be  several  times  higher. 

Table  2.  Pulse  lest  Typical  Results 
Type  Tested:  V220CP20,  Ta  *  20-25°C 
#  Pulses  Wave  Current  (A)  Energy  (J)  VlmA  Shift 
2  ti/20  us  180  1.5  -3.0% 

1  10/1000  us  7  3.2  +1.1% 

Commercial  MOV  material,  similar  to  that  used  in  the 
new  form  varistors,  showed  a  most  interesting  result 
when  exposed  to  gamma  radiation.  The  current  voltage 
characteristics  and  admittance  spectroscopy  measure¬ 
ments,  at  1  KHz  to  10  KHz  from  10°K  to  300°K,  showed 
no  significant  change  after  irradiation  with  106  rads 
Co00  gamma  radiation.  (10)  These  findings  are 
consistent  with  earlier  tests  on  experimental  tubular 
form  varistors.  (  1) 

SUMMARY  AND  CONCLUSIONS 

The  new  tubular  form  of  transient  suppressor  utilizes 
metal-oxlde-varlstor  technology,  which  combines  the 
electrical  advantages  of  active  semiconductor  devices 
with  mechanical  properties  often  associated  with 
passive  components.  The  physical  construction  of 
NOV's  lends  Itself  to  relatively  large  conducting 
areas  with  Inherent  heat-absorbing  mass.  In  turn  this 
leads  to  relatively  greater  capability  to  carry 
transient  peak  current  and  to  absorb  the  deposited 
energy.  The  semiconducting  characteristic  of  the 
material  also  helps  clamping  voltage  performance.  To 
permit  transient  suppression  to  take  place  on  the 
outside  enclosing  shield  of  the  equipment  module, 
rather  than  on  Internal  circuit  lines,  the  new 
component  was  designed  for  installation  directly  on 
the  pins  of  electrical  connectors.  Hence,  the  new 
tubular  form  helps  greatly  to  reduce  the  added  bulk 
and  weight  previously  associated  with  transient 
protection  hardware,  and  the  leadless  construction 
reduces  voltage  overshoot  due  to  lead  inductance. 


new  form.  The  electrical  characteristics  of  the 
connector  pin  varistors  were  shown  to  be  similar  to 
commercial  disc  varistor  products  of  comparable 
voltage  and  physical  active  volume. 

It  was  concluded  that  these  connector  pin  varistors 
are  a  viable  new  form  of  transient  supporessor  with 
a  manifest  potential  to  fill  an  open  need  for  better 
transient  protection  of  both  aerospace  and  ground 
electronic  equipment. 
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Special  ceramic  processing  techniques  were  adapted  for 
application  to  MOV  materials  In  order  to  make  the  new 
tubular  form  a  practical  reality  suitable  for 
production  In  potentially  high  quantities.  In  addit¬ 
ion,  the  formulation  and  processing  of  existing 
commercial  MOV  materials  were  adapted  for  use  with  the 
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Abstract  -  The  Dissipation  Array  System  (DAS)  was  designed  by  Roy  3.  Carpenter,  Jr.  to 
prevent  lightning  strikes  to  the  objects  protected  by  DAS.  During  the  last  12  years, 
hundreds  of  DAS  have  been  installed  within  the  USA  and  many  other  parts  of  the  world. 
The  statistical  study  of  their  performance  gave  the  following  results:  90%  of  the  in¬ 
stalled  systems  did  not  have  a  single  lightning  strike:  9%  showed  about  90%  reduction 
in  the  number  of  the  strikes;  less  than  1%  reported  little  or  no  changes.  The  study 
continued  to  analyze  the  successes  and  failures,  comparing  site  and  array  characteris¬ 
tics  with  the  histories  of  performance,  i.e.  before  and  after  data.  The  results  of  the 
study  were  conclusive:  (1)  They  vindicate  the  premise  that  lightning  strikes  to  a  giv¬ 
en  facility  can  be  prevented,  regardless  of  the  apparent  difficulty;  (2)  They  demon¬ 
strate  the  need  for  careful  attention  to  the  site  and  facility  character,  as  well  as 
the  array  configuration  itself;  (3)  They  reveal  some  design  weaknesses  that  require 
further  clarification  to  permit  achievement  of  almost  200  percent  successful  system 
design. 


BACKGROUND 


In  June  1971,  the  author  introduced  a  new 
form  of  lightning  protection  called  the  Dis¬ 
sipation  Array  system  (DAS).  On  December  25, 
1979,  U.S.  Patent  No.  4180698  was  awarded 
covering  this  system  design  in  its  final  con¬ 
cept.  Since  that  time,  over  550  DA  Systems 
have  been  installed  in  many  parts  of  the 
world.  Additionally,  some  copies  of  the  con¬ 
cept  have  been  created  by  others  with  varying 
degrees  of  success.  The  author  has  recently 
surveyed  all  of  the  installations  still  in 
use  to  date,  to  determine  their  status  and 
effectivity.  This  paper  represents  our  un¬ 
derstanding  of  the  DAS  operational  concept; 
and  a  summary  of  the  data  derived  from  the 
survey  of  past  customers.  The  results  vindi¬ 
cate  the  premise  that  in  contrast  to  light¬ 
ning  rods,  lightning  can  be  prevented  from 
striking  the  areas  of  concern,  and  the  pro¬ 
tector  itself.  In  summary,  the  DAS  dissi¬ 
pates  a  little  energy  throughout  the  storm 
as  opposed  to  the  rod  system  that  is  subject 
to  a  deluge  of  current  in  a  matter  of  a  few 
microseconds.  Note  that  the  average  light¬ 
ning  strike  is  only  300  milliamperes  for  one 
minute;  or,  180,000  amperes  for  100  micro¬ 
seconds  . 

Summary  of  Operational  Concept 

Dissipation  Array  System  (DAS)  consisting  of 
thousand i  of  sharpened  points  enhanced  by  the 
electrostatic  field  always  presented  in  any 
weather  condition.  Figure  1  presents  a  con¬ 
ceptual  example.  When  fair  weather  condi¬ 
tions,  DAS,  as  well  as  the  ground,  is  charged 
negatively  with  respect  to  the  ionesphere 
and  produces  very  small  (tens  nanoamperes) 
negative  charges  flow  into  surrounding  DAS 
air,  particularly  from  tall  structures. 


Under  the  influence  of  the  thunder  cloud's 
dipole,  which  in  most  cases,  has  a  negative 
charge  near  the  base  of  the  cloud  and  a  pos- 
tive  charge  in  the  upper  part  of  the  cloud, 
DAS  becomes  positive  charged  system  as  does 
the  surrounding  earth.  The  charge  is  accum¬ 
ulated  in  DAS  by  means  of  the  ground  collec¬ 
tor  system.  This  buildup  of  the  positive 
charge  on  DAS  creates  local  corona  when  ioni¬ 
zation  of  air  by  collision  starts  around  ev¬ 
eryone  of  the  thousands  of  sharpened  points 
of  DAS;  commonly  referred  to  as  point  dis¬ 
charge.  As  a  result,  the  positive  charges, 
stream  from  the  DAS  into  the  surrounding  air 
creating  a  space  positive  charge.  This  space 
chare?  that  is  carried  away  from  the  DAS  by 
thundercloud  field  and  wind,  changes  the  re¬ 
sulting  electrostatic  field  so  that  the  po¬ 
tential  gradient  at  ground  level  (DAS  has  the 


Ground  Current  Collector  Function 


Figure  1,  Dissipation  Array  System  Concept 
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same  potential  as  ground)  decreases  substan¬ 
tially,  thus  preventing  any  further  develop¬ 
ment  of  ionization  by  collision  which  would 
develop  into  the  stepped  streamer,  etc. 

Thus,  the  likelihood  of  the  direct  lightning 
stroke  to  DAS  and  the  protected  facility  is 
in  fact  eliminated  because  the  conditions 
conducive  to  the  stroke  are  eliminated. 

A  detailed  analysis  of  the  operational  con¬ 
cept  and  its  theoretical  derivation  are  pre¬ 
sented  within  the  appendix  to  this  paper. 
Factors  wuch  as  ionizaer  shape,  size,  height, 
point  separation  and  environment  must  all  be 
considered  in  concert  to  assure  a  successful 
system. 

Performance  Assessment  Criteria 


Assessing  the  performance  of  any  form  of 
lightning  strike  protectors  is  not  an  exact¬ 
ing  science  for  the  DAS.  There  are  only  two 
parameters  that  can  be  evaluated.  These  are: 
The  dissipation  current  and  the  site  statis¬ 
tical  history.  We  have  collected  data  from 
both  of  these  sources. 

Figures  2  and  3  are  copies  of  segments  of 
dissipating  current  recordings  made  for  two 
separate  sites.  Figure  2  is  a  slow  speed 
recording,  about  1.0  cm  per  minute.  Figure 
3  is  a  high  speed  recording  of  about  1.0  cm 
per  second  on  a  fast  reacting  chart  recorder. 
In  both  cases,  the  displacement  from  the 
baseline  is  proportional  to  the  dissipation 
current.  Full  scale  is  2  milliamperes. 

These  data  present  a  histogram  of  the  storm 
motivated  dissipation  current;  they  prove 
the  Dissipator  dissipates  energy,  but  not 
much  more.  One  fact  is  obvious,  the  integral 
of  the  total  dissipation  current  throughout 
the  life  of  a  storm,  equals  more  than  the 
charge  contained  in  an  average  stroke. 


la 
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Figure  3,  High  speed  recording 


Figure  4  presents  a  TV  photograph  of  the 
corona  plasma,  taken  from  a  366  meter  tower 
under  an  intense  storm. 


Figure  4,  Corona  Plasma  from  a  large 
array  system. 

Typical  Installation  History 

Of  the  over  550  installations  of  DA  Systems 
installed  to  date,  some  typical  examples  were 
selected  to  demonstrate  the  DAS  effective¬ 
ness.  History  is  important  as  it  contributes 
to  the  statistical  evidence;  but  also  contri¬ 
butes  contrasting  information  with  respect  to 
the  before  and  after  status.  The  following 
are  of  particular  interest: 

1.  AM  Radio  Station  CKLW  Windsor,  Ontario, 
Canada,  (Figure  5) .  The  antenna  system 
is  composed  of  five  well  grounded  towers 
92  meters  high.  For  over  20  years  the 
station  log  recorded  an  average  of  25 
outages  per  year  due  to  direct  lightning 
strikes.  In  1972,  a  disk  type  DAS  was 
installed.  There  have  been  no  strikes 
recorded  in  over  11  years. 


Figure  5,  CKLW  Array  Inatallation 
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2.  WBBH-TV,  Ft.  Myers,  Florida  (Figure  6) in 
a  keraunic  level  of  100,  the  antenna  is 
mounted  on  a  tower  over  300  meters  in 
height.  The  records  indicated  over  48 
outages  per  year  due  to  direct  strikes 
;o  the  antenna.  In  1975  a  Trapazoidal 
shaped  DAS  was  installed.  No  strikes 
f  have  been  recorded  in  9  years . 


Figure  6,  WBBH-TV  Array,  Ft.  Myers,  Ft 


Figure  7,  Peachbottom  Nuclear  Station 


3.  Philadelphia  Electric  has  a  Nuclear  Gen¬ 
erating  plant  at  Peachbottom,  Pennsylvan¬ 
ia.  The  plant  occupies  over  100  hectors 
along  the  banks  of  the  Susquehanna  River. 

The  "off  gas"  stack  rises  to  720  feet 
above  the  plant  (Figure  7) .  Plant  his¬ 
tory  records  between  2  and  5  lightning  ' 

related  incidents  per  year.  In  1976,  the 

Hemispheric  shaped  dissipator  illustrated 
was  installed.  In  the  8  years,  no  fur¬ 
ther  outages  were  recorded. 

4.  In  Memphis,  Tennessee,  a  company  known  as 
Federal  Express  (FEC)  occupies  over  a 
square  kilometer  of  the  airport  facility. 

Each  night  between  11  P.M.  and  3  A.M.,  up 
to  100  aircraft  come  into  the  hub  to  dis¬ 
charge  and  pick  up  packages.  Time  is 
critical  and  lightning  was  a  problem  to 
the  whole  operation.  No  records  of  the 

number  of  strikes  were  available.  The  ■ 

Keraunic  number  is  65.  The  results  of  . 

the  DAS  installation  (Figure  8)  were  dra¬ 
matic.  No  further  lightning  activity  was 
noted  in  or  near  the  area  -  at  first  the 
corona  disturbed  the  personnel.  Subse¬ 
quently,  the  FAA  control  tower  people 
noted  that  there  was  no  lightning  at  the 
FEC  end  of  the  field  and  much  less  even 
at  the  far  end  of  the  field.  An  unsoli¬ 
cited  report  was  filed  with  Hq.  in 
Washington,  D.C.  They  now  intend  to  buy 
systems. 


Figure  8,  Part  of  Federal  Express 

Array  system,  Memphis,  TN 

5.  PPG  Chemical  occupies  several  hundred 

hectors  of  land  on  the  southern  coast  of 
Louisiana,  Keraunic  No.  70.  Lightning 
was  creating  a  problem  in  the  chlorine 
generating  cells.  A  DAS  was  installed 
over  two  cells;  several  years  later,  over 
two  more.  Later  much  more  of  the  plant 
was  protected,  not  so  much  because  of 
direct  lightning;  but,  because  they  ob¬ 
served  that  the  Hydrogen  flare  stacks  un¬ 
der  the  arrays  were  not  set  on  fire  by 
nearby  strikes,  but  the  ones  outside  the 
DAS  were.  The  DAS  hod  reduced  the  elec¬ 
trostatic  field  to  below  the  secondary 
arcing  level,  as  well  as  preventing  the 
direct  strike. 

Statistics 

There  are  many  other  outstanding  success  stor¬ 
ies.  All  may  be  verified  by  personal  calls. 
There  have  been  very  few  "failures".  Fail¬ 
ures  are  herein  defined  as  not  preventing  the 
strike  to  the  protected  area.  The  most  con¬ 
vincing  data  is  the  cumulative  records  of 


302 


R.B.  Carpenter  et  al. 


successes.  There  are  now  over  550  DAS  in¬ 
stallations  scattered  in  many  parts  of  the 
world,  plus  some  are  unauthorized  copies. 

In  late  1984,  a  survey  of  all  known  DAS  in¬ 
stallations  was  made,  as  to  their  state  and 
performance.  The  results  were  as  follows: 

1.  Over  90%  reported  complete  success,  i.e. 
no  strikes. 

2.  9%  reported  at  least  a  90%  reduction;  in 
the  recorded  strikes. 

3.  Less  than  1%  reported  little  to  no  per¬ 
ceptible  change. 

An  assessment  of  those  sites  having  problems 
indicated  the  following  problems: 

1.  Constraints  established  by  the  customer 
prevented  a  proper  or  optimum  system  de¬ 
sign  or  installation. 

2.  Poor  design  (older  systems  only)  . 

3.  Losses  caused  by  power  main  surges,  not 
strikes  to  the  tower. 

4.  Poor  installation  technique. 

In  summary,  from  the  past  12  years,  there  is 
an  abundance  of  evidence  available  to  the 
intellectually  honest  inquirer  that  substan¬ 
tiates  the  premise  that  lightning  can  be 
eliminated  from  area  of  concern.  As  in  all 
R  &  D  programs,  failures  do  happen.  However, 
the  preponderance  of  date  is  overwhelming  in 
favor  of  the  Dissipation  Array  system  for 
lightning  prevention.  The  study  results  were 
conclusive : 

1.  Lightning  strikes  can  be  prevented. 

2.  It  did  demonstrate  the  need  for  careful 
attention  to  the  site  and  facility  char¬ 
acter,  as  well  as  the  array  configura¬ 
tion  itself. 

3.  It  did  reveal  some  design  weaknesses 
that  require  further  clarification  to 
permit  achievement  of  a  100  percent  suc¬ 
cessful  system  design  every  time. 

Appendix 

The  Operational  Concept  of  the  DAS 

The  Dissipation  Array  System  is  composed  of 
three  basic  elements:  the  array  of  sharpened 
thin  conductors  (the  dissipator) ,  the  ground 
current  collector  and  the  service  wires  con¬ 
necting  the  dissipator  to  the  ground  current 
ccllsctcr , 

It  is  a  well  proven  fact  that  an  electrostat¬ 
ic  field  near  a  pointed  conductor  tends  to 
concentrate  at  the  point,  enhancing  the  elec¬ 
tric  field.  An  electric  field  exists  over 
the  entire  fine  weather  areas  of  the  earth. 

At  an  altitude  above  50  km,  the  air  has  such 
a  high  conductivity  that  it  may  be  consid¬ 
ered  to  be  the  equivalent  to  a  good  conductor 
and  any  electrical  charge  reaching  c  point  at 
this  altitude  will  soon  become  uniformly  dis¬ 
tributed  around  the  whole  earth.  So  the  at- 
morphere  above  50  km  and  the  surface  of  the 
earth,  which  is  also  a  good  conductor,  in 
effect,  constitute  the  plates  of  a  concentric 
spherical  capacitor,  having  at  fair  weather 


conditions  the  negatively  charged  earth  and 
the  positively  charged  ionosphere.  Because 
of  its  ionization,  the  air  is  not  a  perfect 
dielectric,  so  that  the  plates  of  the  capa¬ 
citor  are  not  completely  insulated  from  each 
other  and  electric  currents  will  flow  between 
them  when  they  are  charged  to  different  po¬ 
tentials.  The  average  value  of  the  fair 
weather  positive  field  at  ground  level  is 
about  130  v/m. 

The  ’ ines  of  the  electric  field  cloud-earth 
will  ;  deflected  from  their  generally  verti¬ 
cal  a  .rection  near  any  elevated  pointed  con¬ 
ductor.  And,  if  the  electric  field  enhanced 
by  the  concentration  of  its  lines  of  force 
ending  on  the  conductor's  point  is  suffi¬ 
ciently  strong,  there  is  a  possibility  of 
ionization  by  collision  confined  to  the  very 
small  volume  near  the  poj.nt.  An  electric 
current  starts  to  flow  from  the  tip  of  the 
conductor  to  the  air.  Electricity  flow  from 
the  point  is  normally  a  quiet,  invisible  pro¬ 
cess,  but  if  the  electric  field  becomes  suf¬ 
ficiently  great,  ions  collisions  yield  enough 
energy  to  excite  particles  of  the  air  and 
make  them  luminous  and  sound.  This  visible 
ionization  is  termed  corona  (also  known  as 
St.  Elmo's  fire)  and  can  be  seen  in  darkness 
as  a  bluish  glow.  The  likelihood  of  produc¬ 
ing  corona  on  the  tip  of  a  conductor  depends 
upon  three  major  factors:  the  height  of  the 
conductor,  the  radius  of  curvature  or  the 
sharpness  of  the  point  and  the  electric 
field.  When  the  conductor  is  connected  to 
the  ground,  it  has  the  same  potential  as  the 
earth;  but  the  air  is  at  different  potentials 
at  different  heights.  So  the  tip  of  the  con¬ 
ductor  and  the  air  around  have  the  potential 
difference.  This  difference  is  increased  as 
the  conductor  is  made  taller  and  the  lower 
initial  electric  field  is  required  to  ini¬ 
tiate  corona. 

At  disturbed  weather  conditions,  when  thun¬ 
der  clouds  are  formed,  the  base  of  a  thunder¬ 
cloud  has  in  most  cases  the  negative  charges 
concentration  and  the  upper  part  of  the  thun¬ 
dercloud  is  charged  positively.  The  nega¬ 
tively  charged  base  of  the  thundercloud  at¬ 
tracts  positive  charges  from  the  under  cloud 
earth  surface,  thus  negatively  charged  at 
fair  weather  elevated  pointed  conductor  or 
array  of  such  conductors  will  change  the  sign 
of  charge  and  become  positively  charged  as 
the  results  of  the  presence  of  the  thunder¬ 
cloud.  The  point-discharge  current  from  the 
array  of  the  pointed  conductor  will  carry 
away  positively  charged  ions.  Moved  away 
from  the  array,  these  ions  will  form  a 
space  charge  which  reduces  the  electric 
field  near  the  points,  since  lines  of  force 
will  end  on  these  ions  instead  of  on  the 
points.  This  process  will  progress  until 
electric  field  will  be  so  much  reduced  that 
it  prevents  further  ionization  and  corona 
ceases.  Then,  as  the  space  charge  is  car¬ 
ried  away  by  wind,  the  electric  field  near 
the  points  aga. n  is  increasing  and  the  new 
corona  discharge  starts.  Thus  the  point- 
discharge  currents  have  the  pulsed  nature 
which  has  been  proved  by  measurements  of 
point-discharge  currents  both  in  natural  and 
laboratory  conditions.  It  was  found  that 
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wind  velocity  has  a  great  influence  on  the 
current  flow,  increasing  the  interval  between 
pulses  and  the  charge  per  pulse. 

Figure  A-l  shows  a  simplified  model  of  thun¬ 
der  'loud  and  the  positive  space  charge  situ- 
at  i  as  some  horizontal  distance  from  the 
thundercloud  dipole.  The  electrostatic  field 
at  ground  level,  at  the  given  moment,  can  be 
calculated  from  the  following  equation: 

„  H,  H2  ^  2P 

Eg  '  Q  (Hx2  +D^)3/2_(H22  +D2) 3/ 2  +  H3* 

Where:  and  -  heights  of  the  centers  of 

the  positive  and  negative  charges  Q 
in  the  thundercloud. 

H-j  -  heights  of  the  positive  space 
charge  P  situated  horizontally  D  from 
the  thundercloud  dipole. 


Figure  A-l 

Although  it  is  known,  in  fact,  that  the 
charge  distribution  is  not  strictly  uniform¬ 
ly  but  the  actual  distribution  is  so  variable 
that  it  is  difficult  to  justify  more  precise 
calculations . 

Figure  A-2  presents  the  calculated  size  of 
the  positive  space  charge  required  to  zero, 
the  electric  field  at  ground  level  when  D=0. 
Based  on  such  calculation,  the  only  0.1c  at 
height  about  300  m  above  the  earth  will  be 
sufficient  to  neutralize  the  negative  field 
of  thundercloud  at  ground  level.  Assuming 


the  total  point-discharge  current  about  100 
/HA,  it  will  take  about  17  min  to  constitute 
such  charge.  Curve  shown  on  Figure  A-2  rep¬ 
resents  the  calculated  electric  field  at 
ground  level  as  function  of  the  heights  of 
the  positive  space  charge  of  0.1c  situated  at 
2  km  from  thundercloud  dipole.  As  may  be 
seen  from  this  figure,  the  electric  field  de¬ 
creases  with  increase  of  the  height  of  the 
space  charge,  becomes  zero  at  about  330  m  and 
changes  sign  from  positive  to  negative  with 
progressing  increase  of  the  space  charge  s 
height. 


Figure  A-2 

The  lightning  discharge  initiated  by  upward 
leaders  goes  through  the  states  of  point 
discharge  to  streamer,  due  to  glow  to  arc 
transition  when  the  current  exceed  some  crit¬ 
ical  value. 

To  reduce  the  likelihood  of  the  transition 
from  a  glow  to  arc  discharge,  which  would  in¬ 
itiate  an  upward  directed  leader,  a  multitude 
of  the  points  have  to  be  arranged  and  placed 
on  the  large  electrode  which  shape  is  de¬ 
signed  as  a  uniform  electric  field  electrode 
used  in  high  voltage  apparatus  to  suppress 
corona.  It  is  conceivable  that  no  single 
point  of  such  array  will  discharge  current 
enough  for  the  transition  to  the  arc  regime. 
As  a  res. ’It,  the  initiation  of  an  upward 
leaders  would  not  take  place  under  the  condi¬ 
tions  found  during  normal  storm  situations. 

In  such  circumstances  the  lightning  strikes 
to  the  HAS  and  object  protected  by  the  DAS 
would  be  in  practice,  eliminated. 
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A  NUMERICAL  CALCULATION  OF  SPACE  CHARGE  LAYER  CREATED  BY  CORONA  DUE  TO  ;  '  omiND  ARTIFICIAL 
POINT  BENEATH  THUNDERSTORM 


Yan  Muhong 

Lanzhou  Institute  of  Plateau  Atmospheric  Physics,  Academia  Sinica,  China 

ABSTRACT  -  Using  a  two-dimensional,  time-dependent,  axisymmetrical  model,  we  have  calculated  numerical¬ 
ly  the  time  and  space  distribution  of  the  electric  field  and  space  charge  density  within  300m  height 
above  ground  under  the  thunderstorm.  A  60m  high  artificial  point  was  introduced  to  calculate  the  corona 
current  and  field  close  to  a  point  from  the  time-dependent  formula.  The  model  contains  various  transfers 
between  ions  and  the  ion  transfer  of  conduction  and  turbulence  but  neglects  adv.  e^lve  transfer.  The 
calculation  shows  that  when  the  initial  field  is  9kv/m  and  neutral  particle  cones  .itratlon  is  10**/cm*  , 
the  corona  current  will  reduce  to  1/70  in  10  secords,  and  will  reach  its  final  value-1/130  of  its  init¬ 
ial  value  in  about  34  seconds.  At  that  time,  the  s.ace  charge  density  close  to  a  point  is  2.1nc/mJ, 
while  the  density  of  0.2nc/m*  will  reach  200m  high,  its  horizontal  extent  will  be  more  than  80m.  The 
density  radio  of  iarge  and  small  Ions  will  increase  to  1/10.  The  space  charge  density  near  or  under  the 
point  is  quite  high  and  Is  about  lnc/m  ,  this  wiil  weaken  the  electric  field,  make  it  much  lower  than 
its  initial  value  to  about  80m  away  or  even  make  it  reverse  when  very  close  to  the  surface.  The  electric 
field  will  be  higher  than  its  initial  value  above  the  point.  The  higher  the  concentration  of  neutral 
particles,  the  thinner  the  space  charge  layer  and  consequently,  the  higher  the  space  charge  density  will 
be.  Kor  example,  when  the  neutral  particle  concentration  is  10r/cm*  the  concentration  radio  of  large  and 
small  ions  will  reach  10. 


1.  INTRODUCTION 

The  electric  charges  released  by  point  discharges 
at  ground  level,  under  the  influence  of  high  thunder¬ 
storm  electric  fields,  play  an  important  part  on  the 
electric  current  that  flows  between  cloud  and  ground. 
This  process  forms  a  positive  cii«rgc  accumulation 
zone  above  ground  level.  It  has  the  screening  effect 
forming  space  charge.  Star.dler  and  hlnn  (1-2)  showed 
the  fact  of  evident  reduction  of  electric  field  at 
ground  level  due  to  tills  effect.  Klectric  field  Inte¬ 
nsion  at  ground  level  is  four  or  five  times  lower 
than  that  at  a  few  hundred  meters  above  it. 

Chauzy  et  al  (3-4)  numerically  calculated  the  dis¬ 
tribution  of  space  charge  due  to  point  corona  at  gro¬ 
und  level.  The  model  they  used  was  one-dimension. 

This  paper  discusses  space  and  time  distribution  of 
electric  field  and  charge  under  the  effect  of  corona 
created  by  a  isolated  artificial  point  at  ground. 


2.  Tilt  Hcil/t.L 

2.1  The  basic  characteristics  and  the  parameters 

A  two-dimensional,  time-dependent,  axlsymmetric 
model  has  been  applied  to  compute  space  charge  and 
electric  field  profiles  under  the  effect  of  isolated 
artificial  point  discharges  beneath  a  thunderstorm. 
The  model  has  following  characteristics: 

2.1.1  The  model  mainly  discusses  discharge  process 
of  a  isolated  artificial  point,  and  the  effect  of  na¬ 
ture  points  is  neglected.  A  metallic  needle  connected 
to  ground  Is  putted  at  60  meters  height  along  central 
axis.  The  needle  length  1'  4.5  meters.  It  produces 
corona  discharges  due  to  negative  electric  field  ben¬ 
eath  a  thunderstorm.  Average  effect  area  A*  of  corona 
can  be  approximately  represented  by  a  semlspherical 
area  about  31.6m*  with  diameter  equal  to  needle 
length. 

2.1.2  Let  a*  and  n_  be  the  positive  and  negative 


small  ions  concentration,  N*  and  N-  the  corresponding 
of  large  ions  respectively.  The  mobilities  of  small 
and  large  Ions  of  each  sign.  A,,  /a\  and  X.,  are 

the  function  of  height  and  have  following  values 
separately: 

y'A*  -4,2*10  e0’1^2  cm^/s/esuV 
l  0  14z  2 

s*.  *5.7*10  ’  cm  /s/esuV 


X-  2 
X- -5.7 


0 . 1 4z 
e 

0. 14z 
e 


cm  /s/esuV 
cm^/s/esuV 


where  z  is  height  in  km  and  lesuV  is  equal  to  300v. 

2.1.3  The  model  has  only  considered  Ions  transportat¬ 
ion  by  electrical  conduction  and  eddy  diffusion,  and 
it  assumes  that  the  eddy  diffusion  (joeficlent  Kv  is 
constant,  uniform  and  equal  to  50  m'/s  for  ali 
particles, 

2.1.4  The  transportation  of  advectlon  is  neglected 
in  the  model. 

2.1.5  The  model  takes  into  account  the  small  ions  ca¬ 
pture  by  neutral  aerosol  particles,  its  attachment  by 
opposite  sign  large  ion  and  recombination  between  the 
opposite  sign  small  ions.  The  different  attachment 
coefficients  are  difined  as  follows: 

•i  is  the^ma^l  ions  recombination  coefficient,  equal 
to  1.6*10*  cm  /s,  ft,,  and  (*,  are  the  small  ioes  attac¬ 
hment  coefficients  by  the  opposite  sign  large  ions  and 
equal  to  10*  cm*/s,  f*. and  f..,  are  the  small  ions  atta¬ 
chment  coef flcients  by  the  neutral  aerosol  particles, 
and  equal  to  2.0*10  cm*/s. 

2.1.6  Recombination  of  large  Ions  and  attachment  by 
the  neutral  aerosol  particles  are  neglected  compared 
to  the  other  coefficients. 

2.1.7  The  initial  neutral  aerosol  particle  concentre- 
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Cion  N0  is  uniform  end  equal  to  10  /cm  for  clean  air 
or  10r/cm*  for  polluting  air. 

2.2  Tha  axprassion  of  corona  current  density 

Observation  shows  that  electric  field  intension  is 
commonly  lass  than  lOkv/m  (5)  on  tha  land,  while  it 
can  be  more  than  50kv/m  (6)  on  the  ocean.  Tha  former 
is  in  consequence  of  corona  discharge  of  points  at 
ground  level.  The  expression  of  corona  current  density 
induced  by  the  alactric  field  Eb  close  to  a  point  whan 
It  exceeds  tha  onset  value  Ec  has  baan  chosen: 

Ic  -  a(Eb2-  Ec2)  (1) 

with  Ec-0.78kv/m.  Where  a  is  constant  of  corona,  depe¬ 
nding  on  property  of  the  point,  and  approximately 
equates  to  E/'Sh/A1,  where  £  is  dielectric  constant  of 
air,  h  is  the  height  of  the  point  and  equal  to  60m. 
Therefore  e«l.  2*10''*  A/v*  . 

The  formula  (1)  is  commonly  obtained  in  steady  sta¬ 
te.  As  a  matter  of  fact,  whan  ions  produced  by  corona 
transport  outwards,  tha  alactric  field  close  to  a  poi¬ 
nt  also  changes.  Therefore,  Ic  varies  with  time.  Tha 
space  charge  density  closa  to  tha  point,  (T  ,  obeys 
following  equation  of  continuity: 

PPT  -  - 

and  Poisson"s  aquation  t7 •  £k  =  4 tt  fT 

It  can  ba  obtainad  from  abova  two  equations: 

-J 

-4n(£+  iA) 

where  I*  is  tha  conduction  current  dansity  due  to  the 
downward  motion  of  the  nagative  ions  in  alectric  fie¬ 
ld  and  obeys  tha  Ohm's  law,  l»»-AEb,  whare  \  Is  aver¬ 
age  conductivity  of  air  banaath  a  thunderstorm  and 
equal  to  6*10  "  /m/a.  Eb  and  Ic  have  sama  direction 
In  the  region  close  to  tha  point.  Tharefora,  tha 
scalar  aquation  can  be  obtainad: 


dt 


+  4TIIc  -  4nAEb 


(2) 


According  to  relations  (1)  and  (2),  let  Eb"Ebg 
t"0,  Eb  and  Ic  are  calculated  as  follows: 

-A"Bt 


for 


PUh-X)  -  (.IB-  \)  e 
2a(  P  +  0a'inBt  ) 


(3) 


Ic  -\Eh  - 


PQBV*^ 
-AnBt.2 


(6) 


a(P-H)e  "  ) 

whara  B*J  >?  +  A  a1  Ec  ,  P«B+2aEbg-\ ,  Q»B-2aEb-+*  .  Ebg 
is  In*  ambient  electric  field  Intension  at  t"0,and 
assumed  to  ba  uniform  and  equal  to  9kv/n  In  the 
calculation  of  tha  modal. 


2.3  The  aquations  of  the  calculation 

All  parameters  make  use  of  CCSE  unity  system  In  tha 
calculation.  Prom  the  equation  of  continuity  wa  can 
deduce  the  temporal  and  spatial  evolution  of  the  four 
types  of  ions  concentrations  as  well  as  ihe  neutral 
aerosol  particles  concentration.  Tne  temporal  and 
spatial  evolutions  of  the  electric  field  can  be  dedu¬ 
ced  from  Poisson’s  equation.  The  following  six  equat¬ 
ions  in  axlsymmetric  coordinate  system  with  two  dime¬ 
nsions  can  be  written: 

^TF  =  •  r ,)  -  +  KJ^- -  P,?-*  *  ^ 


-t7^(rn/tEr)+^(T>-AE,)+4  -  «  vV-v*  +  D»- 

^7 -  +  i f? ( r /■!-/*- Er)  +£(*./ ^ )  +  +  D"- 


Jt~  T  ~  0rv4  +  Dv. 

i-i_(  £±\  jf 

Y>r\r  Jp  --*ve(*t+  a4-h.- A'.)  =  -4f'(sr 


Ez- 


df 
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where  Fz  is  tha  vertical  electric  field  intension, 
and  tha  sign  convention  adopted  in  the  modal  is  that 
tha  upward  direction  is  positive.  Er  is  the  radial 
alactric  field  Intension,  f  tha  potential,  a  the  ele¬ 
mentary  charge,  G  tha  rata  of  formation  by  cosmic  rays 
and  aqual  to  15.4/cnP/s,  (. ’T  tha  space  charge  density. 
°ni»  *n(*  U/*  ,  tha  eddy  transportation  term  of  each 
kind  of  particles  can  ba  written: 


+&(Kvf£) 

Adding  aquations  (3)  and  (4)  to  abova-mention  equa¬ 
tion  leads  to  a  eight  equation  system.  This  system  was 
numerically  solved  using  finlta-dif faranca  and  iterat- 
lva  method. 


3.  THE  RESULTS 


Fig.l  displays  the  evolution  of  corona  current 
density  closa  to  a  point  for  EbQ-9kv/m  and  NO“10V<m'. 


Ic* 


V 


Ktg.l:  Corona  current  density  variation 
closa  to  a  point  (Ic),  for 
No_10*/cm*  and  Eb0”9kv/m. 

It  clearly  shows  that  corona  current  density  Ic 
decays  rapidly  with  time,  tha  initial  valua  Is 
77.4*10  A/m*  ,  it  Is  10“*  A/m*  aftar  two  seconds.  Ic 
varies  slowly  with  time  afterwards,  its  valua  is 
0.64*10’**/^  aftar  34  seconds  and  tends  to  ba  steady. 
The  distribution  of  specs  charge  dansity  during  34 
seconds  is  shown  on  fig. 2. 
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Fig. 2:  Distribution  of  space 
charge  density  <PT)  at  34 
seconds  for  Ng-10*/cmJ  . 

The  charge  density  In  the  region  arround  the  point 
is  maximal  and  equal  to  4. 5*10'* C/m* .  The  local  space 
charge  screening  layer  is  formed  with  the  transporta¬ 
tion  of  charge.  The  charge  density  gradully  dec. eases 
with  the  Increase  of  height.  The  charge  layer,  in 
which  the  charge  density  is  more  than  or  equal  to 
0. 2*10'* C/m* ,  can  vertically  extends  to  the  height  of 
190  meters,  while  its  radial  extent  will  be  more  than 
80  meters.  Below  the  height  of  the  point(60  meters), 
the  charge  density  is  larger  and  equal  to  10  s  C/m  . 
Afterward,  the  space  charge  layer  continuously  extends 
outwards  with  the  Increase  of  time.  At  this  time  the 
transportation  of  space  charge  mainly  depends  on  eddy 
diffusion  due  to  the  decrease  of  electric  field,  so 
that  the  charge  layer  extends  very  slowly.  For  example 
,  after  one  mlnlte,  it  only  reaches  to  210  meters. 

Though  the  advection  was  neglected  in  the  model, 
the  radial  transportation  of  the  space  charge  is  stro¬ 
ng  still  (see  fig. 2).  This  is  in  consequence  of  the 
effect  of  radial  electric  field.  Calculation  shows 
that  the  radial  electric  field  is  lOkv/m  close  to  a 
point  during  34  seconds.  The  space  charge  are  transpo¬ 
rted  by  the  radial  electric  field.  Afterward,  the  rad¬ 
ial  electric  field  intension  decreases  due  to  the  opp¬ 
osite  effect  of  transported  space  charge.  For  example, 
after  one  mlnlte,  the  electric  field  intension  la 
equal  to  3kv/m.  The  transportation  of  charge  mainly 
depend  on  eddy  diffusion  with  the  Increase  of  time. 
Therefore  the  radial  extension  of  the  space  charge 
layer  Is  weakened. 

Fig. 3  displays  the  evolutions  of  space  charge 
density  ^  , the  concentration  of  small  positive  ions 
n.,  and  of  large  positive  ions  /*»  at  the  height  of 
60m  and  30m  above  ground  level  respectively.  It  clear¬ 
ly  shows  that  (,  and  tt,  decay  rapidly  with  the  increa¬ 
se  of  time  close  to  a  point,  and  reach  to  a  steady 
value  of  4.5*10'*  C/m*  and  27*l0*/m*  respectively  at 
34  seconds.  However  the  concentration  of  large  positi¬ 
ve  ions  increases  with  time,  and  the  ratio  N,/n. 


increases  from  zero  to  1/10,  Thus  it  can  be  seen  that 
small  positive  Ions  produced  by  corona  are  rapidly 
captured  by  neutral  aerosol  particles  and  transform 
into  large  positive  ions  with  lower  mobility.  Below 
the  height  of  the  point  (see  fig.3-b)  and  rapi¬ 
dly  increase  with  time  at  the  beginning,  then  gradua¬ 
lly  decrease  tend  to  a  steady  value  after  10  seconds. 
The  ratio  N+/n+  obviously  Increases  with  time,  being 
1/2  at  34  seconds  and  1  at  90  seconds.  More  smail 
positive  ions  are  captured  by  the  neutral  aerosol 
particles.  The  larg*  positive  ions  are  dominant  grad¬ 
ually  in  the  space  charge  layer. 


Flg.3-a  Evolution  of  space  charge  density 
,  the  concentration  of  small  positive 
ions  n, ,  and  of  large  positive  ions  N+ 
close  to  a  point. 


Klg.3-b  The  same  as  fig.3-a,  but  at  30m 
above  ground  level  and  radial  distance 

20m. 

The  distribution  of  vertical  e'  ctric  field  is 
shown  on  fig. 4.  It  clearly  ahows  that  the  area  in 
which  the  value  of  the  electric  field  is  less  than 
that  of  initial  external  electric  field  is  limited 
to  the  height  below  100m,  Below  the  height  of  the 
point(60m),  the  electric  field  intension  is  very  low 
and  appeara  to  be  opposite  sign  in  the  local  area 
below  30m.  The  naxlmum  electric  field  of  opposite 
sign  ia  -500v/m  at  the  beginning  and  increaaes  to 
-lOOOv/n  after  one  minlte.  The  area  extends  radially 
to  more  than  80  meters. 
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Fig. 6s  Vertical  profiles  of  charge 
density  £  and  small  as  well  as 
lsrge  positive  ions  concentrations 
"ht»  ft*  at  radial  distance  r»20m 
for  Nq-105 /cm3  and  t«34s. 
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Fig. 4:  Distribution  of  vertical 
electric  field  at  34 
seconds  for  No-101* /cmJ 
and  t-34s. 

The  vertical  electric  field  evolutions  at  three 
ieveis  are  shown  on  fig. 5.  The  area  of  decreasing 
electric  field,  induced  by  space  charge,  is  limited 
to  below  the  height  of  the  point.  The  sign  of  electric 
field  changes  from  positive  to  negative  at  ground 
after  9  seconds  and  at  the  height  of  30m  after  30  sec¬ 
onds.  However  the  electric  field  is  always  positive 
above  the  height  of  the  point  and  can  exceed  ambient 
electric  field  intension. 


Flg.5«  Evolution  of  the  vertical  electric  field 
at  three  levels  for  Ng-loVcm4. 


Fig. 6  displays  the  vertical  profiles  of  charge  den- 
5ity  ft  »  sm*H  *nd  large  positive  ions  concentration 
n,,  N»  for  Nq-105 /cm  and  t-34s.  It  clearly  shows  that 
the  charge  density  increases  obviously,  but  soon  decr¬ 
eases  rrpidly  with  the  increase  of  height.  More  small 
positive  ions  are  captured  by  the  neutral  aerosol  par¬ 
ticles  and  transform  into  the  large  positive  ions  with 
lower  mobility.  The  ratio  N,/n*  is  3  close  to  a  point, 
and  increases  rapidly  to  10  with  the  Increase  of  hei¬ 
ght.  So  that  the  thickness  of  the  space  charge  layer 
decreases  remarkablely.  The  charge  layer  in  which  the 
charge  density  is  more  than  or  equal  to  G.2*10'sC/m3 
is  limited  to  below  the  height  of  100  meters. 


Fl(.7i  Distribution  of  vertical 
electric  field  for  N0-10*/c«'  and  t-35s. 
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Fig. 7  is  corresponding  distribution  of  vertical 
electric  field.  As  compared  with  fig. 4,  we  can  see 
that  the  area  of  lower  electric  field  is  very  small, 
and  the  negative  sign  electric  field  disappears  below 
the  height  of  the  point.  Therefore,  the  screening 
effect,  produced  by  corona  discharge  of  the  isolated 
metallic  point,  is  more  effective  in  clean  air  than 
in  pollutive  air. 

The  results  also  show  that  when  the  corona  current 
density  produced  by  a  artificial  point  increases,  the 
area  of  lower  electric  field  will  be  extended.  The 
electric  field  becomes  negative  below  the  height  of 
the  point,  and  can  reach  to  a  maximum  value  of 
-3000v/m  at  steady  state. 
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INVESTIGATION  OF  THE  LIGHTNING  VULNERABILITY  OF  NUCLEAR  EXPLOSIVE  TEST  SYSTEMS  AT  THE  NEVADA 
TEST  SITE  * 


R.T.  Hasbrouck 

Lawrence  Livermore  National  Laboratory ,  Livermore,  California  94550,  U.S.A. 

Abstract — At  tha  U.S.  Department  of  Energy's  Nevada  Test  Site,  the  Lawrence  Livermore  Nstionsl 
Laborsrtory  (LLNL)  conducts  operations  involving  the  underground  detonation  of  nuclear  explosive 
test  devices.  Nuclear  explosive  safety  la  a  very  important  consideration  during  these  operations. 
to  assure  ssfety,  sll  components,  systems  and  procedures  are  analyzed  by  LLNL  and  are  subjected  to 
an  inter-agency  Nuclear  Explosive  Safety  Study.  These  studies  consider  all  sources  and  paths  of  en¬ 
ergy  thst  could  conceivably  Initiate  an  unwanted  detonstion.  One  of  the  energy  sources  considered 
is  lightning.  Over  the  years,  several  lightning  hszard  studies  have  been  carried  out.  They  each 
concluded  that  the  magnitude  of  lightning  energy  reaching  tha  high  explosive  or  the  detonators  was 
smsll  compared  to  thst  required  to  produce  s  detonstion.  In  1 9 8 3 ,  sn  LLNL  task  force  was  estab¬ 
lished  to  reexamine  the  lightning  vulnerability  of  the  nuclesr  explosive  test  systems,  taking  into 
account  the  previous  studies  and  current  knowledge.  As  s  result  of  this  investigstlon  several  im¬ 
provements  are  being  implemented.  Also,  simulated  lightning  tests  will  be  used  to  provide  verifica¬ 
tion  of  the  safety  claims.  Although  underground  nuclesr  testing  is  unique,  the  overall  method  and 
results  of  this  investigation  should  be  of  use  to  those  fscad  with  a  lightning  threat  in  a  large. 


csble-lnter-connected  system. 

INTRODUCTION 

The  purpose  of  this  paper  la  to  present  the  results 
of  recent  studies  to  evaluate  the  vulnerability  of  a 
nuclear  explosive  test  device  system  to  a  direct  or 
nearby  lightning  strike. 

In  1973,  r.  A.  Fisher,  General  Electric  Co.,  con¬ 
ducted  sn  extensive  analytical  study  (Ref.  1)  of  tha 
effects  of  lightning  on  nuclear  explosive  systems 
located  at  the  bottom  of  an  emplacement  hole.  Cal¬ 
culations  were  made  to  determine  the  downhole  volt¬ 
age  and  current  waveforms  resulting  from  lightning 
strikes  directly  to  oi  nearby  the  interconnecting 
cables.  The  calculations  were  done  in  the  time  do¬ 
main,  using,  a  general  network-analysis  computer 
program,  ECAP  (Electronic  Circuit  Analysis  Program). 
A  significant  facet  of  this  study  was  the  develop¬ 
ment  of  a  statistical  assessment  of  the  probable  ex¬ 
posure  of  the  systems  to  lightning  effects. 

In  197S,  J.  p.  Luette,  Sandia  National  Laboratories, 
used  an  electromagnetic  analysis  program  to  study 
the  response  to  a  direct  lightning  strike  of  several 
different  distributed  models  of  the  system  (Ref.  2). 

both  of  these  studies  conclude  that  the  magnitude  of 
lightning  energy  produced  by  a  direct  or  nearby 
strike  to  the  device  system  cables,  and  reaching  the 
high  explosive,  or  its  detonators,  was  small  com¬ 
pared  to  the  energy  required  to  produce  a  detona¬ 
tion.  These  studies  served  as  the  principal  refer¬ 
ences  tor  a  1975  Nuclear  Explosive  Safety  Study 
(NESS)  committee  (Ref.  3),  which  concluded  that  the 
proposed  nuclear  explosive  operations  (which  were 
the  subject  of  that  NESS)  ‘provided  adequate  nuclear 
explosive  safety’  where  lightning  was  a  threat. 

In  19S2,  a  NESS  committee  requested  (Ret.  9)  that 
LLNL  reevaluate,  using  current  information,  the  ef¬ 


fects  of  lightning  energy  on  the  test  system.  Their 
contention  was  that  the  ‘predicted  response  of  a 
test  device  system  to  lightning  is  predicated  on  an¬ 
alytical  studies  thst  evaluate  the  transient  re¬ 
sponse  of  the  downhole  cables  to  the  postulated 
lightning  model.*  It  wss  also  noted  that  the  esr- 
lier  studies  presented  calculations  snd  a  grounding 
schema  that  had  not  been  substantiated 
experimentally. 

In  response  to  this  request,  LLNL  established  s 
three-person  task  force  to  investigate  the  lightning 
vulnerability  of  nuclear  explosive  test  device  sys¬ 
tems  at  the  test  site.  Because  of  the  complex  na¬ 
ture  of  the  nuclear  test  environment  and  the  fact 
that  the  members  of  the  task  force  possessed  only 
limited  knowledge  about  lightning,  services  were  se¬ 
cured  of  two  a;knowledged  lightning  experts:  S.  R. 
Crawford,  Ford  Aerospace  and  Communications  Corp. 
and  J.  D.  Robb,  Lightning  and  Transient  Research 
Institute  ( LTRI ) . 

Prior  to  meeting  with  Crawford  and  Robb,  the  task 
force  prepared  the  following  list  of  objectives  that 
served  as  their  charter: 

e  Immediately  Identify  any  serious  deficiencies. 

e  Determine  if  the  1975  and  1979  studies  were  still 
valid  in  light  of  present-day  knowledge. 

e  identify  the  most  vulnerable  phase  of  the  nuclear 
test  oper-tion. 

•  Recommend  improvements  to  onhance  system  safety 
(specifically  from  a  nuclear  explosive  safety 
standpoint) . 

e  Recommend  a  method  for  verifying  the  effective¬ 
ness  of  those  improvements. 


« 


Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence  Livermore  National  Lab¬ 
oratory  under  contract  No.  N-7905-ENG-99 . 
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Crawford  and  Robb  conducted  an  investigation  and 
prepared  a  report  containing  the  details  considered, 
conclusions,  and  recommendations  (Ref.  5). 

It  should  be  emphasized  that  the  sole  issue  of  this 
investigation  was  nuclear  explosive  safety.  Re¬ 
quired  personnel  safety  practices  were  already  im¬ 
plemented.  It  was  agreed  that  if  a  decision  had  to 
be  made  between  the  extremely  remote  possibility  of 
a  lightning-initiated  detonation  and  the  possibility 
of  the  system  becoming  inoperative  because  of  light¬ 
ning,  the  latter  was  the  only  acceptable  choice. 

Before  presenting  the  results  of  the  investigation, 

I  will,  for  background  information,  describe  the 
test  site  and  the  nuclear  explosive  test  device  sys¬ 
tem,  including  some  procedures.  Following  that,  I 
will  present  the  method  employed  to  achieve  the  ful¬ 
fillment  of  the  objectives,  as  well  as  pertinent 
system  details.  I  intend  to  present  an  organized 
process  for  dealing  with  the  problem  of  evaluating 
the  lightning  vulnerability  of,  and  implementing  im¬ 
provements  in,  a  large  and  complex  system. 

DESCRIPTION  or  TEST  ENVIRONMENT 

The  Natural  Environment 

Within  an  area  of  approximately  3000  km2  of  remote 
high  desert  country  180  km  north  of  Las  Vegas, 
Nevada,  the  United  States  Department  of  Energy  con¬ 
ducts  its  underground  nuclear  test  program.  Desig¬ 
nated  as  the  Nevada  Test  Site  (NTS),  this  area  con¬ 
sists  of  wide  flat  valleys,  flat  top  mesas,  and 
mountains.  Specific  tests  are  conducted  at  loca¬ 
tions  whose  elevations  vary  from  1.2  km,  for  the 
valleys,  to  2.2  km  on  the  mesas. 

Although  the  NTS  experiences  most  lightning  activity 
from  Hay  through  September,  it  is  not  unusual  to  ob¬ 
serve  occasional  lightning  throughout  the  balance  of 
the  year.  During  summer  the  mountainous  terrain  and 
hot  desert  produce  strong  updrafts  of  heated  air 
that  contribute  to  the  formation  of  cumulonimbus 
clouds.  Summer's  frontal  storms  generally  move  up 
the  Colorado  River  Valley,  bringing  moisture  from 
the  Gulf  of  California.  The  large  cyclonic  storms 
of  winter  typically  approach  from  the  mountains  that 
lie  to  the  northwest.  Referring  to  the  isokeraunic 
chart  for  this  region,  one  observes  that  the  NTS 
should,  on  the  average,  experience  20  thunderstorm 
days  per  year.  During  the  summers  of  1971  and  1972, 
a  study  was  carried  out  to  characterize  lightning 
activity  at  the  NTS  (Ref.  6).  The  overall  results 
indicated  the  same  order  of  magnitude  of  thunder¬ 
storm  days  as  presented  by  the  isokeraunic  chart. 
However,  lightning  flash  densities  to  ground  for  the 
mesas  were  found  to  bo  SO  to  100  times  greater  than 
for  the  valleys.  Actual  observations  at  McCarran 
International  Ariport,  Las  Vegas,  Nevada,  reported 
23  thunderstorms  days  in  1971  and  23  in  1910. 


The  Test  Environment 

The  University  of  California,  Lawrence  Livermore  Na¬ 
tional  Laboratory  ( LLNL )  is  one  of  two  national  lab¬ 
oratories  responsible  for  the  Department  of  Energy's 
test  operations  at  the  NTS.  Each  test  operation 
(commonly  referred  to  as  an  ’event")  takes  place  on 
either  e  valley  or  mesa,  at  a  site  containing  an 
area  known  as  ground  aero  (GE)  which  is  approxi¬ 
mately  centered  around  the  point  of  test  detonation 
(see  Fig.  1 ) . 


The  nuclear  explosive  test  device  is  assembled  at  a 
special  facility  located  on  the  NTS  and  then  deliv¬ 
ered  to  the  appropriate  GE .  At  GE  the  device  is  in¬ 
stalled — along  with  related  arming  and  firing,  in¬ 
strumentation,  and  control  systems — into  a 
structure,  which  is  designated  the  "test  assembly"; 
this  operation  takes  place  within  a  metal  installa¬ 
tion  building  whose  height  can  vary  from  8  to  30  m. 
The  completed  test  assembly — which  may  reach  a 
length  of  30  m — is  then  lifted  from  the  installation 
building,  suspended  by  a  string  of  drill  pipe  and 
lowered  to  the  bottom  of  an  emplacement  hole. 

Lowering  is  accomplished  by  crane,  whose  height  may 
reach  37  m.  (The  combined  weight  of  the  test  assem¬ 
bly  and  pipe  string  may  be  as  much  as  3.6  x  105  kg. ) 
Emplacement  holes  range  from  1.5  to  3.0  m  in  diame¬ 
ter  and  from  180  to  1,100  m  in  depth.  They  incorpo¬ 
rate  a  steel  casing  that  extends  from  the  surface  to 
a  depth  of  37  ra  and  is  grouted  in  place. 

Following  completion  of  the  lowering  operation,  the 
emplacement  hole  is  backfilled  with  a  combination  of 
gravel,  grout,  and  epoxy  plugs.  This  procedure,  re¬ 
ferred  to  as  "stemming,"  prevents  dispersal  of  ra¬ 
dioactive  debris  produced  by  the  detonation  by  con¬ 
taining  it  underground. 

The  uphole  (ground-level)  portions  of  the  arming  and 
firing,  instrumentation,  and  control  systems  are 
housed  in  large  metal-bodied  trailers  located  in  the 
recording  trailer  park  (RTP),  approximately  300  m 
from  GE.  These  trailers  are  connected  to  the 
downhole  experiment  by  a  large  number  (25  to  100)  of 
coaxial  and  multiconductor  cables,  which  are  laid 
out  on  the  surface  of  thv  ground. 

Nuclear  Explosive  Safety 

To  satisfy  the  important  requirement  for  nuclear  ex¬ 
plosive  safety,  a  rigorous  review  process  is  carried 
out  for  every  event.  The  objective  is  to  ensure  that 
the  nuclear  explosive  cannot  be  unintentionally  det¬ 
onated.  First,  LLNL  conducts  a  safety  analysis  of 
all  components,  procedures,  and  operations  that 
could  conceivably  lead  to  the  application  of  energy 
(electrical,  mechanical,  thermal,  etc.)  tc  the  high 
explosives,  detonators,  or  their  associated  electri¬ 
cal  circuits.  Then,  prior  to  receiving  authoriza¬ 
tion  to  assemble  the  nuclear  explosive,  a  Department 
of  Energy  interagency  NESS  is  conducted.  Lightning 
is  one  credible  energy  source  that  is  considered. 
While  the  probability  of  a  lightning-initiated  det¬ 
onation  is  believed  to  be  exceedingly  small,  the 
consequences  of  such  an  occurrence  are  considered  to 
be  totally  unacceptable.  It  was  this  ongoing  empha¬ 
sis  on  nuclear  explosive  safety  that  led  to  the  for¬ 
mation  of  the  task  force. 

Ground  Eero 

Over  the  several  months  required  to  prepare  for  an 
event,  the  GE  area  undergoes  many  changes.  At  the 
time  of  device  delivery,  approximately  two  weeks 
prior  to  the  scheduled  shot  day.  one  or  two  tell  in¬ 
stallation  buildings  and  cranes  are  present 
(Fig.  2).  A  multitude  of  cables,  having  an  end-to- 
end  length  of  up  to  1.«  km,  are  laid  out  on  the 
ground.  A  trailer  (referred  to  as  the  'Red  Shack'), 
through  which  all  downhole  cables  must  pass,  is  ini¬ 
tially  located  in  the  vicinity  of  the  emplacement 
hole.  Figure  3  depicts  GE  at  the  "tart  of  a 
downhole  operation,  while  Fig.  »  snows  e  test  assem¬ 
bly  suspended  from  the  crane.  The  device  system  is 
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rigvr*  1.  Aerial  view  of  typical  event  eite. 


contained  within  the  white  painted  eteel  canieter  at 
the  bottoa  of  the  teat  aaaeably. 

The  area  in  prosiaity  to  the  eaplaceaent  hole  ia 
gradually  cleared  until,  on  ahot  day,  only  a  abort 
length  of  drill  pipe  eticke  out  of  the  eteaaed  ea- 
placeaent  hole.  The  unburied  aurface  run  of  cablea 
terainatee  300  a  away  at  the  RTP.  The  Red  Stack  haa 
been  moved  to  the  RTF.  The  varying  configuration  of 


he  event  eite  during  the  final  two  weel k.  , -a.  taken 
nto  account  during  the  lnveetigaion  to  identify  the 
oit  vulnerable  phaee  of  the  01  operation. 
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Figure  2.  Ground-level  view  of  Of,  showing  lnatallatlon  building,  •■placement  crana,  and  cabin  runa. 
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Flgure  ).  Simplified  elevation  sketch  of  GS  facilities  at  start  of  down-hole  operation. 
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rigure  S.  Tot  assembly  ready  for  emplacement. 


ara  aaaaurad  batwaan  tba  casing  and  surrounding 
aarth,  using  tha  thraa-polnt  f all-of -potential 
aatbod.  Tbla  ayataa  aust  provlda  parsonnal  eafaty, 
lightning  protection,  and  low  alactrical  nolsa.  Tha 
aaplaceaant  hola  casing  1*  used  (or  "earthing”  tha 
GI  single-point  grounding  ayataa.  Building  and 
aqulpaant  Interconnections  to  tha  casing  ara  via 
bars  AWG  No. -2/0  copper  wire.  At  tba  RTP ,  several 
salt  pits  provlda  local  low  resistance  grounds. 

Tha  Davies  Canister 

In  tha  davlca  Installation  building,  tha  nuclaar  ex¬ 
plosive  tast  davlca  Is  aountad  within  an  opan  cylin¬ 
drical  structura  known  as  tha  "device  pedestal." 


Also  contained  within  tha  pedestal  ara  tha  arming 
and  firing  (Air)  and  ancillary  coaponants.  During 
execution  of  tha  avant,  tha  Air  components  taka  re¬ 
motely  controlled  alactrical  powar  from  tha  Rad 
Shack  and  produca  tha  signals  raqulrad  to  firs  the 
exploding  brldgewlre  detonators  that  Initiate  tha 
detonation. 

The  device  systea  cablas  (typically  nine )  antar  the 
pedestal  through  its  stael  lid  and  are  tarainatad 
with  terminal  strips  and  connectors.  Smallar  gauge 
conductors  than  carry  signals  and  powar  to  their 
final  destination.  An  insulatad  AMG-No.-2/0  solid- 
coppar-conductor  safety  grounding  cable  is  boltad  to 
tha  pedestal  in  the  vicinity  of  tba  otbar  cablas. 
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The  Intended  firing  Path 

while  an  actual  ASF  system  ia  much  more  complex. 

Fig.  5  provides  a  aimplified  but  accurate  represen- 
tation.  All  cablea  that  enter  the  device  caniater 
must  originate,  or  paaa  through,  the  Red  Shack. 
Positive  control  ia  maintained  through  aecurity  and 
administrative  procedures.  The  AIF  cablea  are  dis¬ 
connected  and  their  connectors  locked-up  until  the 
last  few  hours  prior  to  shot  time,  while  discon¬ 
nected,  the  ends  are  not  terminated,  so  that  in  the 
event  of  a  lightning  strike,  the  resulting  voltage 
peak  will  occur  in  the  Red  Shack  rather  than  in  the 
device  caniater. 

AiF  signals  that  are  generated  at  the  remote  Control 
point  (and  transmitted  to  the  event  site  by  the  Com¬ 
mand  Microwave  ayatem)  actuate  relays  in  the  Red 
Shack  at  specific  times  during  the  automatic  count¬ 
down  aequence.  These  relays  control  a  dc  voltage 
that  ia  used  to  charge,  and  subsequently  trigger, 
the  capacitive  discharge  unit,  which  then  fires  the 
bridgewire  detonators.  A  major  portion  of  each 
nuclear  explosive  safety  study  is  devoted  to  ensur¬ 
ing  that  the  AiF  system  can  only  be  powered 
intentionally. 

PRELIMINARY  FINDINGS 

Approximately  six  weeks  after  an  orientation  meet¬ 
ing,  Crawford  and  Robb  met  with  the  task  force  and 
others  to  discuss  their  preliminary  findings.  They 
reported  that  they  found  no  serious  deficiencies 
that  would  require  immediate  attention.  There  was  a 
considerable  amount  of  discussion  regarding  radlai 
counterpoise  grounding  systems  and  what  LTRI  refers 


to  as  the  "fortress  concept."  Overhead  diverters 
were  also  discussed,  with  the  conclusion  that  they 
would  not  be  cost  effective  since  GZ  sites  are  not 
permanent,  and  the  nuclear  explosive  residence  time 
is  only  approximately  two  weeks.  This  two-day  meet¬ 
ing  allowed  Crawford  and  Robb  to  finalixe  their  in¬ 
formation  gathering  prior  to  preparing  their  final 
report. 

The  key  points,  as  well  as  the  LLNL  plan  to  imple¬ 
ment  their  recommendations  are  presented  in  the  next 
section. 

As  a  separate  but  related  item,  Crawford  and  Robb 
ware  asked  to  evaluate  a  proposal  to  eliminate  the 
air  terminal  down-conductors  from  the  multi-deck  in¬ 
stallation  buildings.  The  rationale  was  that  cur¬ 
rent  from  a  strike  to  the  building  would  preferen¬ 
tially  flow  through  the  metal  exterior  walls  of  the 
building  and  into  the  building's  grounding  system. 
The  experts  agreed  that  this  would  be  an  acceptable 
practice,  while  bonding  between  the  vertical  mod¬ 
ules  of  the  building  was  considered  to  be  inha  ent 
because  of  their  great  weight,  the  proposal  called 
for  copper  jumpers  at  each  corner  to  enhance  the 
inter-module  bonding.  Proper  bonding  of  metallic 
objects  adjacent  to  the  interior  side  of  the  walls 
is  a  standard  pract  ~e. 

RESULTS  OF  THE  INVESTIGATION 

Validity  of  the  Earlier  Reports 

While  new  deta  exist  regarding  lightning  channel 
mechanisms  and  structure  and  faster  current  rates  of 
rise,  the  basic  conclusions  of  the  Fisher  and  Luette 
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Figure  S.  Simplified  diagram  of  the  intended  device-firing  pathway. 
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reports  were  considered  to  be  esentially  correct. 

The  exception  was  the  slower  lightning  current 
rlsetlmes  used  in  their  calculations.  As  mentioned 
earlier,  those  conclusions  were  hased  on  models  that 
considered  lightning  effects  on  a  device  system  lo¬ 
cated  at  the  hottom  of  the  emplacement  hole. 

Crawford  and  Robh  concurred  with  the  NESS  suggestion 
that  testing  of  the  system  was  Important. 

The  Host  Vulnerable  Operational  Phase 

The  greatest  hazard  was  considered  to  exist  when  the 
test  assemhly  was  suspended  hy  the  crane  and  just 
entering  the  emplacement  hole.  A  direct  strike  to 
the  crane  or  test  assembly  could  result  in  puncture 
of  one  or  more  of  the  device  system's  cahles,  very 
near  the  point  where  they  enter  the  canister.  The 
system  would  not  henefit  from  the  high  surge  imped¬ 
ance  provided  hy  the  long  cables  when  the  system  is 
emplaced  downhole.  Current  division  remote  from  the 
device  canister,  resulting  from  multiple-path  arcing 
through  the  cahle  insulation  to  ground,  could  not 
take  place. 

Care  is  taken  to  avoid  carrying  out  the  emplacement 
operation  when  a  threat  of  lightning  exists.  The 
probability  of  a  lightning  strike  during  this  opera¬ 
tion  is  considered  to  he  exceedingly  small.  Again, 
the  consequences  of  an  accidental  detonation  are  ab¬ 
solutely  unacceptable. 

Inter/Intracloud  Lightning  Threat 

inter/intracloud  lightning  oftens  induces  large 
transient  voltages  in  power  lines  and  long  cahles 
that  can  damage  unprotected  electrical  and  electron¬ 
ics  components.  Also,  a  person  working  on  the 
unterminated  end  of  a  long  cahle  may  receive  a 
shock.  A  conservative  analysis  was  carried  out  in 
which  the  effects  of  a  10-kA  discharge,  1 -km  high 
and  1-km  long,  were  considered,  it  was  concluded 
that  the  magnitude  of  Induced  voltage  reaching  the 
device  systum  was  small  compared  to  that  required  to 
caure  a  detonation. 

RECOMMENDATIONS 

Several  recommendations  were  made  relating  to  both 
nuclear  explosive  safety  and  uphole  electronic  sys¬ 
tems  protection.  Since  the  sole  purpose  of  this  in¬ 
vestigation  was  nuclear  explosive  safety,  only  those 
recommendations  pertaining  to  that  topic  were  con¬ 
sidered  for  implementation  at  this  time.  Once  the 
safety  recommendatio~«  have  heen  incorporated,  addi¬ 
tional  protection  for  .nhanced  operational  survival 
can  be  considered. 

Radial  Counterpoise  Grounding  System 

During  the  initial  period  of  a  strike  to  a 
"grounded"  system,  the  lightning  current  encounters 
a  surge  impedance  that  can  exceed  the  steady-state 
value  by  10  times  or  more.  This  causes  the  ground 
system  potential  to  be  significantly  higher  than  the 
surrounding  earth.  A  20-kA  stroke  (SO  percentile 
amplitude)  passing  through  an  10-ohm  surge  impedance 
produces  a  1.6-Mv  transient.  Electrical  insulation 
becomes  virtually  nonexistent,  large  transient  cur¬ 
rents  flow  unpredictably,  and  significant  damage  can 
occur . 

A  major  reduction  in  the  surge  impedance  is  required 
in  order  to  reduce  transient  voltages  to  a  control- 
lahle  range.  By  incorporating  a  radial  counterpoise 


grounding  system,  ground  resistance  and  therefore 
surge  impedance,  can  be  greatly  reduced. 

Crawford  and  Rohh  proposed  a  system  consisting  of 
eight  hare-copper  AWG-NO.-2/0  conductors,  60-m  long, 
which  would  be  bonded  to  the  well  casing.  Equally 
spaced,  at  45-degrees,  they  would  extend  radially 
and  he  burled  0.3-m  deep.  The  net  surge  impedance 
of  this  radial  counterpoise  ground  was  calculated  to 
he  11  ohms.  Using  the  same  parameters,  the  steady- 
state  resistance  of  the  casing  alone  was  calculated 
to  he  8  ohms.  Assuming  a  10-times  increase,  the  cas¬ 
ing  surge  Impedance  would  he  at  least  80  ohms. 

While  the  method  used  to  arrive  at  this  value  is  not 
considered  by  Crawford  and  Rohh  to  be  "exact  sci¬ 
ence,"  it  does  demonstrate  the  henefit  derived  from 
this  type  of  grounding  technique.  The  radlals  also 
allow  the  system  surge  impendance  to  decay  rapidly 
to  the  steady-state  value.  Thus,  the  peak  amplitude 
of  the  transient  voltage  is  greatly  attenuated,  and 
it  exists  for  a  much  shorter  period  of  time. 

While  this  system  represents  an  ideal  approach,  it 
introduces  cost  and  construction  prohlems.  The  ex¬ 
isting  GZ  system  has  evolved  over  the  years  and  sat¬ 
isfies  a  variety  of  independent  and  sometimes  con¬ 
flicting  requirements. 

Following  a  closer  look  at  the  existing  system,  it 
was  determined  that  it  closely  approximates  the  rec¬ 
ommended  counterpoise  system.  The  Red  Shack,  in¬ 
stallation  huildlngs,  crane  and  several  other  GZ  fa¬ 
cilities  are  grounded  to  the  casing  via  individual, 
buried  AWG-No.-2/0  hare-copper  conductors.  The 
length,  quantity,  distrlhutlon  and  depth  of  hurlal 
of  the  radials  are  not  the  same  as  indicated  for  the 
ideal  system.  In  the  opinion  of  Crawford  and  Robb, 
the  present  GZ  design  does  provide  a  surge  impedance 
lower  than  that  of  the  casing  alone.  This  is  sup¬ 
ported  hy  actual  GZ  resistance  measurements,  men¬ 
tioned  earlier,  which  indicate  a  typical  steady- 
state  value  of  5  ohms. 

Dif f icult-to-verlfy  protection  techniques,  such  as 
overhead  diverters,  radial  counterpoise  grounding, 
and  "the  cone  of  protection"  could  not  he  relied 
upon  to  ensure  nuclear  explosive  safety  in  a  light¬ 
ning  environment.  Thus,  it  was  decided  not  to  mod¬ 
ify  the  existing  GZ  grounding  system.  Rather,  the 
decision  was  made  that  the  device  canister  should 
provide  all  of  the  necessary  protection. 

fortress  Design 

While  a  topologically  closed  surface,  i.e.,  a  Fara¬ 
day  cage  provides  perfect  protection,  practical  sys¬ 
tems  require  penetration  of  the  cage  by  electrical 
signal  and  power  conductors.  This  penetration  rep¬ 
resents  the  wortt  compromise  of  an  otherwise  imper¬ 
vious  barrier  (Refs.  7,  I).  with  the  LTRI  "fortress 
approach,"  sensitive  components  are  contained  within 
a  volume  enclosed  by  a  metallic  skin.  Cahles  con¬ 
taining  penetrating  conductors  possess  overall 
shields  that  are  bonded  to  the  outer  surface  of  the 
fortress  by  moans  of  J60-degree  backshell  connec¬ 
tors.  within  the  fortress,  and  close  to  the  feed¬ 
through  connectors,  each  conductor  passes  through  a 
hybrid  transient  limiting  network  prior  to  being 
routed  to  its  final  destination. 

Hybrid  Transient  limiters 

The  input  portion  of  the  hybrid  limiter  network  con¬ 
sists  of  either  a  metal  oxide  varistor  (NOV)  or  a 
gas  filled  spark  gap  tube,  shunt-connected  from  the 
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conductor  to  a  low  impedance  ground  (Fig.  S).  Where 
balanced  pairs  ara  involved,  a  line-to-line  tran¬ 
sient  limiting  component  is  also  employed.  Next  is 
a  series  component  (Inductor  or  resistor)  followed 
by  a  shunt-connected,  bipolar  avalanche  diode 
(TranZorb).  Under  normal  operating  conditions,  the 
shunt  components  present  extremely  high  impedances 
to  ground,  and  the  series  component  offers  a  very 
low  impedance. 

When  a  lightning  stroke  attaches  itself  to  one  or 
more  of  the  cables,  the  current  divides.  The  path 
from  an  outer  shield  to  the  outer  skin  of  the  for¬ 
tress  represents  a  significantly  lower  surge  imped¬ 
ance  than  that  provided  by  the  conductors  and  their 
transient  limiter  networks.  A  major  portion  of  the 
current  will  flow  from  the  shield  to  the  outer  skin 
and  from  there  find  its  way  to  earth.  Even  if  the 
canister  rises  momentarily  to  a  vary  high  potential 
with  respect  to  earth  the  interior  will  remain  in  an 
essentially  equipotential  state. 

The  remaining  current  (an  estimated  10*)  present  on 
the  inner  conductors  will  see  the  impedance  of  the 
limiter  series  element  plus  the  surge  impedance  of 
the  conductors  beyond  the  limiter.  Once  the  voltage 
appearing  across  the  TranZorb  exceeds  the  breakdown 
value,  the  series  Impedance  element  is  essentially 
grounded.  The  TranZorb  responds  in  nanoseconds, 
long  before  the  lightning  current  reaches  its  peak, 
and  is  capable  of  carrying  a  sizeable  amount  of 
transient  current.  As  the  current  continues  to 
rise,  the  voltage  caps  across  the  series  impedance 
quickly  reach  the  gas  tube  or  HOV  breakdown  value. 
Essentially  all  of  the  remaining  current  is  than 
conducted  to  ground.  Hhllv  slower  to  act,  the  HOV 
and  gas  \.-Jbe  are  capable  of  accommodating  very  large 
amounts  of  transient  ei.ergy. 

Modified  Device  Canister 

A  modified  device  canister,  referred  to  as  the 
Lightning  Invulnerable  Device  System  (LIDS),  has 
been  designed  and  fabricated.  It  incorporates  the 
fortress  concept  as  described  above.  Figure  7  shows 
a  simplified  comparison  of  the  LIDS  to  the  present 
design.  The  coaxial  end  multiconductor  cables  have 
their  outer  shields  bonded  to  the  lid  of  the  canis¬ 
ter  vie  360-degree  beckshell  connectors.  The  safety 
ground  cable  is  bolted  to  the  outside  of  the  lid.  A 
thru-bolt  is  not  permitted,  end  to  ensure  this,  the 
ground  cable  inside  the  canister  is  bolted  to  e  dif¬ 


ferent  portion  of  the  lid's  inner  surface.  Special 
transient  limiter  modules  (for  the  multiconductor 
cables)  and  coaxial  transient  limiters  (for  the  co¬ 
axial  cables)  are  being  developed  by  several  manu¬ 
facturers.  Gas  tube  and  HOV  input  limiters,  and  re¬ 
sistor  and  inductor  series  Impedances  will  be 
evaluated. 

A  comment  on  Fiber-Optic  Cables 

From  the  isolation  standpoint,  fiber-optic  cables 
represent  an  ideal  way  to  penetrate  the  fortress. 
However,  until  the  problem  of  transmitting  suffi¬ 
cient  power  optically  has  been  solved,  copper  cables 
will  continue  to  penetrate  the  fortress.  Ironi¬ 
cally,  reducing  the  number  of  copper  cables,  without 
eliminating  them  altogether,  does  not  meke  matters 
•ny  better.  Fewer  copper  cables  means  there  are 
fewer  parallel  paths  to  ground  for  arcing  currents. 
Thus,  a  greater  magnitude  of  current  will  appear  at 
the  lid  penetration  point.  If  a  metallic  jacket  is 
used  to  provide  mechanical  protection  for  the  fiber¬ 
optic  cable,  it  should  be  bonded  to  the  outside  of 
the  lid.  The  metallic  jacket  also  provides  a  paral¬ 
lel  arcing  path  to  ground. 

Simulated  Lightning  Tests 

Objectives  of  these  tests  will  be  to  evaluate  the 
several  hybrid  transient  limiter  designs,  determine 
the  most  vulnerable  lightning  attachment  point,  and 
obtain  data  tc  substantiate  the  "lightning  invulner¬ 
able"  claim.  Subsequent  tests  may  be  performed  at 
the  Sand  la  National  Laboratories'  lightning  simu¬ 
lator  facility  in  order  to  observe  the  lightning  in¬ 
vulnerable  device  system  performance  using  a  double¬ 
exponential  current  pulse,  combining  high  current 
with  a  fast  current  risetime. 

The  LIDS  will  be  subjected  to  a  series  of  simulated 
lightning  tests,  conducted  by  LTRI .  The  limiter  de¬ 
signs  will  first  be  tested  to  verify  their  perfor¬ 
mance  at  the  specified  Uniting  levels.  Several 
will  then  be  tested  at  increasing  levels,  up  to 
50  kA,  to  determine  failure  levels  and  modes. 

The  final  tests  will  be  made  on  the  complete  LIDS, 
with  the  limiters  being  terminated  by  typical  load 
impedances.  Low-level  coupling  tests  (20  kA  and  20 
kA/pxec)  will  permit  determination  of  mutual  induc¬ 
tance  end  resistence  perameters  for  the  system.  In¬ 
creasing  peak  currents  and  rates  of  rise,  up  to  max- 
imums  of  200  kA  end  200  kA/psec,  will  be  separately 
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Figure  7.  Simplified  sketch  showing  comparison  of  lightning-invulnerable  device  system  and  present' device 
canister . 


applied.  A  damped  oscillatory  current  pulse  will  be 
used  in  order  to  avoid  the  damaging  effects  of  ths 
more  lightning-like  double-exponential  current 
pulse.  Lightning  attachments  will  be  made,  approxi¬ 
mately  1  m  from  the  lid,  to  various  configurations 
of  cable  shields  and  conductors. 


SUMMARY 

The  task  of  evaluating  the  lightning  vulnerability 
of  a  large  and  complex  operation  and  making  recom¬ 
mendations  for  improvements  has  been  successfully 
carried  out.  Recause  of  the  absolutely  unacceptable 
consequences  of  a  lightning-induced  detonation  of  a 
nuclear  test  device,  several  commonly  usad  protec¬ 
tion  techniques  were  determined  to  be  of  little  use. 
rrom  what  the  teak  force  learned,  the  decision  was 
made  to  concentrate  primarily  on  designing  a  light¬ 
ning  invulnerable  environment  for  the  teat  device 
system.  The  effectiveness  of  this  design  will  be 
tested  later  this  year,  using  full-threat-level  sim¬ 
ulated  lightning.  Aa  time  and  funds  permit,  the 
portions  of  the  event  system  that  are  not  nuclear- 
safety-critical  will  also  receive  improved 
protection. 
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Abstract  -  In  this  paper  is  pointed  out  of  that  movement  of  the  stepped  leader  may  have  influence  of 
the  estimation  of  the  striking  distance  lenght.This  estimation  being  founded  on  the  photos  of  the  li¬ 
ghting  channel.  The  influence  is  as  much  greater  as  the  final  jump( starting  movement  of  the  return 
streamer)  takes  place  at  the  begining  last  step  movement  of  the  stepped  leader  along  the  channel  al¬ 
ready  prepared  by  the  pilot  streamer. 


1.  INTRODUCTICM 

In  intention  to  protect  from  the  lighting  stroke,  the 
phenomenon  of  the  lighting  discharge  is  subject  of  ma¬ 
ny  investigations.  The  snectnm  of  this  investigations 
is  large,  from  measuring  many  characteristics  of  ligh¬ 
ting,  recording,  taking  of  photographs  to  the  statis¬ 
tical  elaboration  of  all  collected  data. 

the  lighting  research  includs  a  large  nutter  of  chara¬ 
cteristic  quantities  which  depends  from  many  parame¬ 
ters  and  whose  magnitudes  are  in  a  very  broad  measur¬ 
ing  volute.  For  exattole,  the  lighting  current  measur¬ 
ing  equipment  should  have  the  frequency  range  from  1 
to  106  Hz  and  current  range  from  1  5'105  A  |l| . 

Collecting  and  ocnparing  all  of  this  data,  got  cn  any 
way,  acxruires  every  day  more  complete  picture  about 
this  casual  process. 


with  velocity  of  5- 107  m/s.  The  dommoving  stepped  le¬ 
ader  has  two  velocities.  First,  the  stepped  leader  ap¬ 
proaches  the  ground  at  an  average  velocity  at  about 
1.5*  10s  m/s.  The  second  one  is  velocity  of  the  indi¬ 
vidual  step  motion  value  of  5-107  m/s  ] 2 , 3 , 4  |  . 

Fig.l  shews  s hematic  diagram  for  ilustration  cf  the 
first  discharge  (stepped  leader  )  recorded  by  a  moving 
canrnera. 

Cne  of  the  first  theory  of  the  stepped  leader  are  due 
to  Schcnland  (193B  ) .  Schonland's  model  of  the  stepped 
leader  has  a  channel  of  uniform  cross-section  with  ra¬ 
dius  of  the  order  of  the  meter.  The  fact  that  the  ave¬ 
rage  velocity  of  the  stepped  leader  agrees  fairly  clo¬ 
sely  with  the  calculated  minimum  velocity  of  an  elec¬ 
tron  cloud  that  is  abble  to  perpertuate  itself  by  ion¬ 
ization,  led  SchonlanJ  Lo  sugyest  that  the  insulation 
of  the  air  is  broken  dewn  by  apilot  leader,  that  adv- 


In  this  paper  would  be  given  a  sugestion  for  a  discu¬ 
ssion  or  a  consideration  which  bounds  stepped  leader 
and  striking  distance  meaning  on  the  possible  influe¬ 
nce  the  velocities,  of  the  stepped  leader  motion  on  the 
(estimate)  evaluating  of  the  striking  distance  fran 
the  photographs  of  lighting  stroke  channels. 

2.  STEPPED  LEADER 

Most  og  the  lighting  discharges  are  toward  earth  with 
the  negative  charge.  According  to  the  photographs 
from  the  Boys  cairtrera  and  measuring  the  electrical 
field  on  the  earth,  the  cloud  -  ground  discharge  is 
initiated  by  a  streamer  that  develoos  downwards  in  a 
series  of  steps.  Each  of  this  steps  is  observed  as  a 
sudden  increase  in  luminosity  of  the  channel  of  the 
ionized  air  at  the  tip  of  the  streamer.  This  streamer 
is  called  stepped  leader.  The  spark  in  its  moving  to¬ 
ward  ground  get  over  sane  distance,  stops  and  after 
short  time  interval  continue  to  move.  The  lenght  of 
each  step  is  about  50  m.  After  corrleting  a  step  the 
tip  of  the  streamer  appears  to  pause  for  a  time  of 
the  order  50  ps,  and  the  new  step  being  ituch  hrighter 
then  the  rest  of  the  streamer  |2,3j.  Wien  stepped  le¬ 
ader,  in  its.  moving,  approaches  the  ground,  starts 
the  positive  ccoecting  leader  from  the  earth  to  the 
stepped  leader.  This  conectir. )  leader,  which  is  ini¬ 
tiated  by  the  critical  electrical  field  from  the  ele¬ 
ctrical  field  fran  the  electrical  charge  in  the  chan- 
nal  of  the  dowmeving  stepped  leader,  conects  strik¬ 
ing  point  with  leader  channel.  Trough  the  Ionized 
channel  moves  upward  positive  charge  (return  stroke  ) 
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Fig.l.  I lustra ting  diagram  of  the  stepped  leader  with 
step  and  pilot  leader. 

ances  continuously.  Schonland  defined  the  pilot  leader 
as  "a  true  negative  virgin  air  streamer  that  travels 
continuously  downward  in  front  of  the  step  streamer 
processes  with  a  velocity  equal  to  the  effective  ve¬ 
locity  of  these".  Thu  ^ilot  leader  progressing  sane 
tens  of  metres,  causes  he  current  in  the  lihgtning 
channel  to  increase  and  reduce  a  luminous  step.  Sup¬ 
port  for  existence  of  pii  t  leader  cane  fran  the  la¬ 
boratory  exaninatiens. 

The  pilot  leader,  which  continual y  progrvjses,  prepa¬ 
res  the  way  for  the  step  process  by  ionizing  the  air. 
Upon  the  ionizing  channel  moves  the  speedy  step.  Viren 
this  speedy  process  reaches  the  tip  of  the  pilot  lea¬ 
der  one  step  of  stepped  leader  is  caipleted.  The  pilot 


322 


I.  Mladenovic  et  al. 


leader  continue  to  rove  during  the  pause  between  st¬ 
eps. 

Bruce  (1941)  explained  the  stepped  leader  like  Schon- 
land.  According  Bruce  the  stepped  leader  has  a  arc 
chanrel  at  the  center  of  leader  cn  high  potential. 
Beocuse  of  large  potential  difference,  the  radial  co¬ 
rona  current  flow  to  the  core  of  channel.  Hie  current 
increases  with  increasing  of  the  channel.  When  the  co¬ 
rona  current  excels  a  value  of  the  order  of  1A  a  sud¬ 
den  transition  from  glow  to  arc  discharge  occurs.  This 
is  the  step  in  the  stepped  leader. 

It  could  be  concluded  that  all  theories  of  the  stepped 
leader  includes  that  the  average  velocity  for  a  nega¬ 
tively  charged  downroving  stepped  leader  is  about 
1.5‘105  m/s,  like  the  velocity  of  the  pilot  leader. 

The  pilot  leader,  which  prepares  the  way  for  the  step 
process  by  ionizing  the  air,  moves  continualy.  The 
mean  velocity  of  individual  steps  is  5-107  m/s,  much 
higher  than  average  velocity  of  the  stepped  leader. 
Time  intervals  between  individual  steps  is  about  50ps. 
The  velocity  of  the  return  stroke  is  much  greater  than 
average  velocity  of  the  stepped  leader. 

Seme  characteristics  of  lihgtning  discharge  (mean  va¬ 
lue)  |2,3,4|  : 


velocity  of: 


stepped  leader 

1.5-105 

m/s 

individual  steps 

5-107 

m/s 

conecting  leader 

5-107 

m/s 

return  stroke 

5-107 

m/s 

duration  of: 

stepped  leader  10 

-  30 

ms 

individul  steps 

1 

PS 

interval  between  step® 

50 

US 

return  stroke 

100 

us 

current  of: 

stepped  leader 

100 

A 

individual  steps  500  - 

2500 

A 

return  stroke  10" 

-  105 

A 

length  of  individual  steps 

50 

m 

3.  STRIKING  DISTANCE 

The  distance  between  the  tip  of  the  downmoving  leader 
and  the  point  cn  the  earth  or  structure  when,  under 
elektrical  charge  deposited  in  leader  channel,  e.  elec- 
rical  field  cn  the  earth  or  structure  reaches  a  criti¬ 
cal  value.  Fran  point  on  earth  or  structure  where  ele¬ 
ctrical  field  exceeds  critical  value,  starts  positive 
Tonecting  leader  (  return  stroke  ) ,  which  ccnects  st¬ 
riking  point  and  the  tip  of  the  dew-moving  negative 
leader.  This  is  the  length  of  the  last  seep  in  the  li¬ 
ghtning  channel  development.  This  length  depends,  ge¬ 
nera  ly  of  the  electrical  charge  in  the  leader  channel. 
The  striking  point  is  not  by  anything  determined  in 
advance,  but  only  by  critical  electrical  field  inten¬ 
sity  due  to  downmoving  leader.  The  electrical  field 
straight  above  ground,  due  to  the  charge  along  the  le¬ 
ader  channel,  Initiate  the  positive  oonectlng  leader 
from  the  striking  point.  The  charges  In  the  leader 
channel  are  neutralized  during  the  return  strok^  pro¬ 
cess.  The  crest  of  the  lightning  depends  on  this  char¬ 
ge.  Fran  the  integration  of  current  oacilograms  it  is 
concluded  that  an  average  lightning  current  of  20  kA 
coresponds  to  a  charge  of  1C  1 5 1  .  iron  the  foregoing 
considerations  it  follows  that  the  striking  distance 
could  be  introduced  like  function  on  crest  lihgtning 


current.  The  determination  of  striking  distance  in  fun¬ 
ction  of  lightning  current  was  given  by  Golde  (1945) 
as  a  numerical  solution  and  as  many  others  authors.For 
example,  relationship  suggested  by  Love  is 

r  =  21  +  30  |l  -  exp(I/6.25)|  (m) 

where  r  -  striking  distance  in  m  and  I  lightning  crest 
current  in  kA.  This  relation  like  relations  from  other 
autars,  can  be  presented  in  the  simplified  form 

r  =  klp  . 

Ccnstans  k  and  p  have  different  values,  what  depends 
cxi  the  autors,  and  start  from  3.3  to  10.6  for  k  and 
fren  0.51  to  0.85  for  p. 

In  Fig. 2  are  given  curvs  of  the  striking  distance  ver¬ 
sus  the  crest  current  of  the  lihgtning  stroke  from 
named  authors.  The  different  values  of  the  striking 
distance  results  fran  the  different  consideration  of 
critical  value  of  electrical  field,  distribution  of 
the  electrical  charge  in  the  leader  channel  and  so  on. 
More  about  striking  distance  in  j  5 j  . 

The  point  where  the  leader  channel  and  the  upward  str¬ 
eamer  meet,  ocxild  be  seen  in  same  photographs  accor¬ 
ding  the  sharp  bend  in  the  lightning  channel.  From 
such  a  photographs  taken  fran  two  directions  and  stl- 
multanecus  measurements  current  or  estimated  fran  the 
lightning  current  effect,  the  striking  distance  could 
be  determinated  -  estin^ted. 

4.  SOT!  CCNSIEE3ATICN 

They  are  two  velocities  in  the  stepped  leader  :  v,  - 
velocity  of  the  pilot  leader  propagation  also  average 
velocity  of  the  stepped  leader  and  va  -  the  velocity 
of  the  individual  step  trough  the  already  prepared 
channel  by  the  pilot  leader.  The  mean  values  are: 

Vj  K  1.5-105  m/s  and  vs  =  5-107  m/s. 


Fig. 2.  Striking  distance  versus  the  negative  crest 
lightning  current) 5|  ,  1  -  Golde,  2  -  Wagner, 
3  -  Love,  4  -  Ruehling. 
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Striking  distance  is  distance  the  ti£  of  dcwnmoving 
leader  fran  the  striking  point,  when  the  charge  in 
the  leader  channel  due  critical  electrical  field  on 
the  striking  point  to  initiate  the  oonecting  leader. 

New  we  have  to  distinguish  two  tipes:  tip  of  the  pilot 
leader  moving  with  the  velocity  vt  and  tip  of  the  in'- 
dividual  step  in  the  stepped  leader  moving  with  velo¬ 
city  v  .  It  is  possible  that  position  of  both  tipes 
may  initiate  the  oonecting  streamer  from  striking  po¬ 
int  because  the  both  of  than  bears  the  charge.  It  is 
not  the  same  which  tip  and  from  which  position  due 
the  critical  field  on  the  striking  point.  If  it  is  a 
tip  of  the  individual  step  we  have  to  take  in  consi¬ 
deration  that  it  has  the  velocity  like  the  ccnecting 
streamer  and  it  has  already  prepared  way  for  its  mo¬ 
tion. 

Fig. 3b.  shows  position  of  individual  step  tip  inici- 
ating  oonecting  streamer,  when  the  tip  is  in  t-ne  be- 
gining  of  its  motion.  The  both  step  and  oonecting 
streamer  moves  with  equal  velocity  (  vs  =  V2  ) .  The 
way  of  downmoving  leader  is  determinated,  meeting  po¬ 
int  of  two  leaders  "2",  which  is  seen  on  the  photog¬ 
raph  like  bend  of  channel,  is  nearer  to  the  striking 
point  and  the  striking  distance  on  the  photograph  is 
D  instead  D' . 

Fig. 3a.  shews  position  of  individual  step  neer  to  the 
end  of  prepared  way  by  pilot  leader,  when  is  conected 
streamer  iniciated.  Bending  of  channel  could  be  much 
sooner. 

5.  CCfOUS  ION 

The  negative  downmoving  stepped  leader  has  two  velo¬ 
cities.  The  average  velocity  of  stepped  leader  is 
agual  to  velocity  of  the  pilot  leader  mean  value  of 
1.5* 10s  m/s.  The  second  one  is  velocity  of  the  indivi¬ 
dual  step  into  the  stepped  leader  value  of  5- 107  m/s. 
According  to  this  velocities  in  the  paper  are  introdu¬ 
ced  two  tipes.  Tip  of  the  pilot  leader  and  tip  of  the 
individual  step.  It  is  pointed  out  that  on  the  photo¬ 
graphs  of  the  lightning  channel  the  distance  fran  cha¬ 
nnel  bend  to  the  striking  point,  should  not  to  be  str- 
king  distance.  This  length  depends  fran  which  tip  and 
fran  which  position  in  the  channel  due  electrical  fi¬ 
eld  of  critical  value  on  the  striking  point.  The  dif¬ 
ference  tiie  real  and  seen  distance  which  could  appear 
canes  fran  speeds  of  stepped  leader,  conected  strea¬ 
mer  and  prepared  way  for  individual  step  by  pilot 
leader. 


a  & 
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EXPOSITION  TO  THE  LIGHTNING  CURRENT  OF  OBJECTS  SITUATED  NEAR  TO  THE  VERTICAL  LIGHTNING  ROD 
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Elektronski  Fakultet,  18000  His,  Yugoslavia 
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Abs tract  -  In  the  paper  is  given  the  method  of  estimating,  namely ,  the  determinating  the  maximum  value 
of  lightning  current  an  object  or  equipment  could  be  exposed  to,  when  placed  to  the  lightning  rod  or  any 
other  object  having  the  function  of  the  lightning  rod.  This  estimation  of  possible  maximum  value  of  lig¬ 
htning  current  a  lover  object  is  exposed  to,  is  based  on  the  evolution  of  the  more  protected  spaces  of 
the  lightning  rod.  The  maximum  value  of  the  lightning  current  an  equipment  or  an  object  could  be  exposed 
to,  is  the  function  of  the  height  of  the  lightning  rod,  the  dimensions  of  the  object  and  their  reciprocal 
distance. 


1.  INTRODUCTION 

The  lightnig  rod,  which  should  protect  a  spe¬ 
cified  ground  ares  from  lightning  strokes  by 
causing  all  strokes  to  hit  the  rod,  was 
introduced  by  Benjamin  Franklin  in  1753.  Du¬ 
ring  the  more  than  200  years  since  its  intro¬ 
duction,  many  theories  and  hundreds  of  papers 
were  presented  to  define  the  zone  protected 
by  the  lightning  rod.  This  large  number  of 
theories  was  occasioned  doubtlessly  by  the 
fact  that  the  principal  processes  associated 
with  lightning  were  not  well  known.  But  each 
of  these  theories, coupled  with  experience  ob¬ 
tained  from  observation  ana  experimental  evi¬ 
dence,  contributed  to  the  fund  of  collected 
knowlege.  The  conformation  and  extent  of  the 
zone  protected  by  the  lightning  rod  was  de¬ 
termined  principally  from  experience.  But 
this  evidence  differed  from  place  to  place  as 
evidenced  by  the  variability  in  national  ele¬ 
ctrical  codes  relative  to  lightning  protec¬ 
tors  . 

New  and  new  lightning  strokes  on  the 
objects  already  protected,  aspecialy  at  high 
structure,  makes  conviction,  that  there  is 
no  absolutely  sure  lightning  protection.  The 
better  knowlege,  of  atmospheric  electrical 
discharge,  in  the  recent  time,  lead  to  the 
new  vision  and  new  theories.  The  developpment 
of  new  theories,  which  include  numerous  pro¬ 
tected  spaces  around  one  lightning  rod,  allo¬ 
ws  better  evalution  of  the  protected  spaces 
of  the  lightning  rod. 

2.  PROTECTIVE  ZONE  OF  THE  LIGHTNING  ROD 

In  lightning  protection,  a  very  impor¬ 
tant  matter  was  what  was  the  nature  of  the 
space  protected  by  the  lightning  rod.  It  has 
been  assumed  that  the  protected  3pace  is  eit¬ 
her  conical  or  cylindrical.  The  base  of  the 
cone  or  cylindar  is  a  circle  having  a  radius 
which  depends  on  the  hight  of  the  lightning 
rod  and  experience  of  the  observer.  The  appro¬ 
priate  was  often  changed.  The  conformation  of 
the  protected  zone  included  cones  and  cylin¬ 


ders  with  considerable  variations  in  the  ra¬ 
dius.  Current  practice  in  many  countries  in¬ 
dicates  that  the  protective  zone  is  defined 
either  by  an  angle  from  the  vertical  or  by  a 
radius  which  depends  on  rod  heighth.  For  ex¬ 
ample,  in  electrical  codes  of  some  contries 
the  single  mast  protective  angle  is  specified 
as  45°  while  with  two  masts  the  protective  an¬ 
gle  between  them  is  60°.  In  the  other  codes, 
the  base-to-heighth  ratio  is  1  for  important 
cases  of  protection  and  2  for  less  important 
cases . 

One  the  first  theoretical  determinations 
of  the  protected  zone  was  based  on  the  "prin¬ 
ciple  of  the  shortest  distance".  At  this  time, 
it  was  assumed  that  the  lightning  stroke  se¬ 
eks  out  the  point  of  the  earth's  surface  whi¬ 
ch  is  nearest  to  the  place  at  which  it  exits 
the  cloud.  It  was  assumed  that  the  exit  points 

s  s* 
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Fig.l.  One  of  the  first  derivation  of  the 
radius  of  protection  zone  of  the 
lightning  rod 

for  all  earth-bound  lightning  discharges  lie 
in  a  place  ICC'  on  Fig.l)  which  is  parallel 
to  the  surface  of  the  earth  (EE)  [lj .  In  Fig. 

1  it  is  easy  to  see  that  the  protected  range 
PP'  of  the  lightning  rod  LR  is  obtained  by  fi¬ 
nding  the  points  S  and  S' .  All  strokes  lea¬ 
ving  the  cloud  at  points  in  a  circle  with  the 
diameter  SS'  under  this  assumption  seek  out 
the  point  L.  All  those  strokes  leaving  the 
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cloud  outside  the  circle  of  diameter  SS  '  will 
strike  points  outside  of  the  protected  surfa¬ 
ce  (circle  with  diameter  PP').  This  radius  of 
the  protected  zone  according  to  this  conside¬ 
ration  was 

r  =  (2H  -  h)  1/2 .  (1) 

To  exam  the  values  of  this  radius  Walter  C13 
used  the  findings  of  the  Hamburg  Fire  Insura¬ 
nce  Office  on  buildings  damaged  by  lightning 
strokes  over  a  period  of  20  years.  Signific¬ 
antly  he  found  out  that  the  protected  zone  is 
much  smaller  than  the  radius  in  Eq.l.  He  con¬ 
cluded  that  the  basic  assumption  that  when 
the  lightning  leaves  the  cloud  it  is  directed 
to  the  nearest  point  on  the  earth's  surface, 
must  be  false.  From  other  observations  he  con¬ 
cluded  that  the  altitude  at  which  the  light¬ 
ning  definitely  seeks  the  tower  is  very  near 
the  top  of  the  tower.  Also  many  direct  obser¬ 
vations  and  photographs  show  that  the  point 
from  which  the  lightning  seeks  the  stroke  po¬ 
int,  is  not  in  the  cloud  but  is  much  nearer 
to  the  stroken  point  C 23  . 

The  optimum  solution  approach  and  physi¬ 
cal  model  to  the  last  steps  of  the  leader 
(which  are  very  important  in  protected  zones) 
were  developed  by  Golde  13,4,53,  using  the 
results  of  breakdown  experiments  of  long  sp¬ 
ark  gaps  excited  by  an  impulse  generator.  Us¬ 
ing  the  supposition  that  the  last  step  of  le¬ 
ader  moving  toward  the  ground  could  be  compa¬ 
red  with  long  sparks,  he  defined  the  last 
dischargin  distance.  In  the  initial  discharge 
the  negative  leader  moves  from  the  cloud  to¬ 
ward  earth  in  steps.  The  main  stroke,  which 
builds  up  from  the  earth  toward  the  cloud,  is 
initiated  by  the  electrical  field  from  the 
downcoming  leader.  The  main  stroke,  which 
propagates  witli  much  greater  velocity  than 
the  leader  originates  at  the  stroke  point. The 
electrical  field  strenght  above  ground,  due 
to  the  charge  along  the  leader  channel.  The 
critical  field  strength  which  can  initiate 
the  main  stroke  from  the  earth  is  larger  for 
negative  impulses  then  for  positive.  The  cha¬ 
rges  in  the  leader  channel  are  neutralized 
during  the  return  stroke  process.  The  magni¬ 
tude  of  the  lightning  current  depends  on  this 
charge.  From  the  integration  of  current  osci- 
lograms  it  is  concluded  that  an  avarage  ligh¬ 
tning  current  of  20  kA  corespondens  to  a  cha¬ 
rge  of  1  C.  The  point  where  the  leader  chan¬ 
nel  and  the  upward  streamer  meet  can  be  seen 
in  some  photographs  which  thereby  support 
this  theory  C2,43.  From  foregoing  considera¬ 
tions  it  follows  that  the  striking  distance 
to  a  lightning  rod  cannot  be  described  by 
just  one  value.  Golde  introduced  a  new  con¬ 
cept  of  the  attractive  effect  and  protected 
zone  of  a  vertical  lightning  rod.  The  protec¬ 
tive  zone  of  a  freestanding  vertical  light¬ 
ning  rod  he  described  by  a  cylinder  about  the 
rod  C  4  3 . 

Protected  spaces  of  the  lightning  rod 
two  methods,  based  on  “electrogeometric"  the¬ 
ories  will  be  heir  mention.  The  “lightning 
sphere"  method  C6,73  deals  with  propability 
of  lightning  strokes  in  the  object  which  is 
in  protected  space.  Protected  space  is  deter¬ 
mined  with  sphere  of  radius  which  depends  on 


propability.  For  a  given  propability  the  sph¬ 
ere  must  not  tuch  the  protected  object,  as  is 
showen  in  Fig. 2.  Another  method  for  evaluati¬ 
on  of  the  protected  spaces  of  the  lightning 
rod  C 83  showes  more  protected  spaces  of  the 
lightning  rod  depending  of  the  crest  current 
of  lightning  stroke.  The  second  one  will  be 
described  more. 


Fig. 2.  Protected  space  according  "lightning 
sphere"  method. 

3.  STRIKING  DISTANCE 

The  distance  between  the  tip  of  the  do- 
wnmoving  leader  and  the  point  on  the  earth  or 
structure  when,  under  electrical  charge  depo¬ 
sited  in  leader  channel. reaches  a  critical 
field  value  on  the  earth  or  structure.  From 
point  on  earth  or  structure,  where  electrical 
field  reach  critical  value,  starts  positiv  co- 
necting  leader  (return  stroke) ,  which  conects 
striking  point  and  the  tip  of  the  downmoving 
negative  leader.  This  is  the  length  of  the 
last  step  in  the  lightning  development.  It 
depends,  generaly  of  the  electrical  charge  in 
the  leader  channel.  The  striking  point  is  not 
by  anything  determined  in  advance,  but  only 
by  critical  electrical  field  intensity  due  to 
downmoving  leader.  There  is  possible  to  start 
two  or  three  positive  leaders  from  the  earth, 
what  brings  to  the  branching  the  lightning 
channel  near  to  the  earth. 


Fig. 3.  Striking  distance  versus  the  negativ 
crest  lightning  current  C4,53  a-Golde, 
b-Wagner,  c-Love,  d-Ruhling,  e-Horvdth. 
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The  critical  distance  depends  from  the 
channel  charge  in  relation  to  the  crest  cur¬ 
rent  of  the  first  stroke  in  the  flache.  For 
the  practical  calculation,  the  generally  form 
of  this  dependance  is  given  by 

R  =  klp  (2) 

where  R  is  in  meter  and  I  crest  value  in  kA. 
Constants  k  and  p  have  different  values,  what 
depends  on  the  authors,  and  start  from  3.3  to 
10.6  for  k  and  from  0.51  to  0.85  for  p. 

In  Fig. 3  are  given  striking  distances 
versus  the  crest  current  of  lightning  stroke 
from  named  authors.  The  different  values  of 
striking  distance  results  from  the  different 
consideration  of  critical  value  of  electrical 
field,  distribution  of  the  electrical  charge 
in  the  leader  channel  and  so  on.  More  about 
striking  distance  in  C51.  After  some  photo¬ 
graphs  of  lightning  discharge  and  current  me¬ 
asuring,  it  seems  that  the  best  conformation 
has  the  curve  a  in  the  Fig. 3. 

4.  EVALUTION  OF  THE  PROTECTING  SPACE  OF 
THE  LIGHTNING  ROD 

If  we  accept  the  "striking  distance", 
one  from  Fig. 3,  for  example  developed  by  Gol- 
de  C51,  it  is  possible  to  evaluate  the  prote¬ 
cted  space  of  high  lightning  rods  and  also 
explain  the  lateral  strokes  in  the  proximity 
of  tall  structures.  According  to  Fig. 4,  if 
the  leader  approaches  a  long  vertical  rod  or 
a  tall  structure,  it  will  be  struck  at  a  po¬ 
int  on  the  structure  or  earth  and  that  the 
shortest  distance  from  the  leader  tip  will  be 
equal  to  the  striking  distance.  The  striking 
distance  depends  on  the  charge  in  the  leader 
channel  namelly  lightning  crest  current  R= 
f(I).  The  radius  of  the  protection  zone  for 
each  current  is  equal  to  the  striking  distance. 


which  has  circle  shaped  envelope  radius  ap¬ 
proximate  equal  to  the  striking  distance. 


Fig. 5.  Protective  spaces  in  function  of 
lightning  current  magnitude 
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5.  EXPOSITION  TO  THE  LIGHTNING  CURRENT 

According  to  the  more  protected  spaces 
treatman  of  the  lightning  rod  which  depend- 
ens  on  the  lightning  current  crest  value,  it 
is  passible  with  electrogeometrical  method, 
to  evaluate  the  lightning  current  to  which 
is  exposed  some  object  near  to  the  vertical 
lightning  rod. 


Fig. 6.  Object  0  near  the  lightning  rod  is 
not  protected  from  lightning  crest 
current  less  than  I2. 


Fig. 4.  Negative  leader  approaching  to  the  toll 
structure  seek  the  striking  point 

Fig. 5.  shows  the  protected  spaces  of  hi¬ 
gh  vertical  lightning  rod  (or  high  structure) 
for  a  five  different  values  of  the  crest  lig¬ 
htning  currentc.  On  the  lefthand  side  are  gi¬ 
ven  the  protected  spaces  for  lightning  cur¬ 
rents  of  lower  crest  value  and  on  the  right- 
hand  side  for  the  currents  of  higher  values. 
Case  on  the  righthsnu  side  cenn  describe  also 
lower  objects  with  average  lightning  currents. 
According  to  the  principle  of  the  "chortest 
distance",  protected  space  is  inside  the  cone, 


Fig. 6.  shows  the  vertical  lightning  rod 
of  hight  h  with  three  protected  spaces  ac¬ 
cording  to  the  three  currents  like  in  the 
Fig. 3.  0  is  the  object  which  should  be  pro¬ 
tected.  This  object  is,  according  Fig. 6,  in¬ 
side  the  protected  spaces  the  currents  grea¬ 
ter  than  I?  •  It  means  that  the  object  0  is 
protected  from  lightning  current  magnitude 
greater  then  value  I?.  For  all  other  light¬ 
ning  crest  currents  less  then  I2  (say  I3  in 
Fig. 6)  the  object  0  is  not  protected. 

For  the  object  of  hight  h  on  distance  r 
the  lightning  rod  the  high  of  H,  determining 
the  radius  of  the  circle  which  form  the  cone 
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of  the  protected  space,  which  is  approximate¬ 
ly  equal  to  the  striking  distance,  it  is  pos¬ 
sible  to  determine  the  currents  the  object  is 
exposed  to. 

In  analysis  of  the  determining  of  the 
striking  distance  in  the  first  approximation 
the  highst  influence  of  the  object  or  light¬ 
ning  rod  would  not  be  taken  into  considera¬ 
tion. 


Fig. 7.  Derivation  the  striking  distance  of 
the  maximum  crest  lightning  current 
the  object  is  exposed  to.  Case  lower 
lightning  rod  (H<R) . 

According  to  the  Fig. 7.  in  the  case  for 
the  lightning  rod  height  H  less  then  striking 
distance  R  (case  of  lower  lightning  rods) , 
the  striking  distance  is 

R  =  H  *  h  C (H-h) 2  +  r2:  + 

2 (H-h) ‘ 

+  — - ^l/j^r2  +  (H-h)2:.  (3) 

(H-r)2  V  H 

In  case  of  hight  and  very  hight  light¬ 
ning  rod  and  object  near  to  them  (Fig. 8.)  the 
striking  distance  for  the  maxi-T.ale  crest  lig¬ 
htning  current  is 

R  =  (r+h)  t  /2rh.  (4) 


The  striking  distance  obtained  by  geome¬ 
trical  way  give  opportunity  to  determine-esti- 
mate  the  maximum  crest  current  toward  curves 
in  Fig. 3,  the  object  may  be  exposed. 

6.  CONCLUSION 

The  protected  space  of  a  lightning  rod 
or  a  tall  structure  depends  on  the  magnitude 
of  the  lightning  current.  A  single  lightning 
rod  has  many  different  protected  spaces  each 
one  determined  largely  by  the  current  magni¬ 
tude.  The  protected  space  is  approximately 
conical  with  a  circularly  shaped  envelope  as 
shown  in  Fig. 5,  the  radius  of  the  envelope 
being  nearly  equal  to  the  striking  distance. 

For  a  object  (or  equpment)  of  the  hight 
h  on  the  distance  r  from  the  lightning  rod 
the  hight  H  (or  other  hight  structure  having 
the  function  of  the  lightning  rod)  it  is  pos¬ 
sible  to  determine  the  maximale  striking  dis¬ 
tance  by  the  geometric  methode.  According  to 
the  maximale  striking  distance,  got  in  this 
way,  it  may  be  determined  maximale  lightning 
current  the  object  could  be  exposed  to.  The 
object  is  now  exposed  to  all  lightning  cur¬ 
rent  less  and  equal  to  the  this  maximale  cur¬ 
rent.  This  boundary  value  is  the  function  of 
the  hights  of  the  lightning  rod  and  object 
and  their  reciprocal  distance. 
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Fig. 8.  Derivation  the  striking  distance  of 
the  maximum  crest  lightning  current 
the  object  is  exposed  to.  Case  higher 
lightning  rod  (H>R) . 
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LIGHTNING  AND  LOGISTICS 

CAPE  CANAVERAL  -  A  PROVING  GROUND  FOR  LIGHTNING  RESEARCH 
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Abstract  -  One  of  the  problems  encountered  in  lightning  research  is  finding  a  suitable  location  where  both 
lightning  and  logistics  are  accessible  and  affordable.  One  of  the  most  favorable  sites  in  these  respects 
is  the  Cape  Canaveral  area  of  the  Eastern  Test  Range  in  Florida,  USA.  In  the  summer  of  1984  a  number  of 
organizations  engaged  in  lightning  research  took  advantage  of  this  situation  and  acquired  one  of  the 
largest  amounts  and  greatest  variety  of  data  ever  gathered  during  one  season  at  one  location.  This 
paper  describes  what  facilities  were  available  and  how  they  Were  utilized  by  the  research  organizations. 
The  experiments  performed  ranged  from  conventional  electric  and  magnetic  field  measurements  to  rocket- 
triggered  lightning  and  coordinated  measurements  of  lightning  phenomena  made  simultaneously  from  ground 
stations  and  from  an  instrumented  aircraft. 

I.  INTRODUCTION 


A  large  number  of  lightning  research  projects  are 
taking  place  in  various  locations  around  the  world, 
especially  where  lightning  activity  is  high.  This 
situation  is  evident  from  even  a  casual  perusal  of 
the  subject  [ I ] *. 

However,  what  is  not  so  evident  in  the  literature  are 
the  difficulties  of  performing  such  research,  in 
particular  in  the  area  of  logistic  support.  The 
moment  a  research  project  goes  beyond  simple  obser¬ 
vations  and  starts  involving  availability  of 
elect,  ical  power,  synchronized  timing,  landline  or 
radii  communications,  and  weather  forecasts,  the  com¬ 
plexity  of  obtaining  such  support  increases  rapidly. 
If  one  goes  one  step  further  and  starts  flying 
instrumented  aircraft  or  launching  lightning  trigger¬ 
ing  rockets,  the  business  of  obtaining  air  space 
clearance  and  providing  liability  coverage  insurance 
is  enough  to  discourage  the  hardiest  soul  and  deplete 
the  hest  stocked  pocketbook. 

As  an  example,  a  joint  ONERA-U.S.  Air  Force  project 
to  do  triggered  lightning  research  in  a  public  area 
of  Florida  for  two  months  involved  among  other 
expenses  a  $30,000  premium  for  liability  insurance 
to  indemnify  personal  or  property  damage  that  might 
have  been  caused  by  a  triggering  rocket. 

On  the  other  hand,  interest  in  lightning  research  is 
such  that  if  an  organization  is  planning  a  unique 
approach  to  obtain  original  data,  it  is  very  likely 
that  once  this  plan  becomes  known,  other  organiza¬ 
tions  will  volunteer  support  in  the  form  of  instru¬ 
mentation,  aircraft,  or  test  sites  as  their  share  of 
the  research  effort.  When  1  say  "volunteer",  it  may 
be  that  there  is  some  cost  involved,  but  even  then  it 
will  be  much  less  than  If  the  lead  organization  were 
to  provide  such  facilities  by  Itself. 

A  case  in  point,  and  the  subject  of  this  paper,  are 
the  test  facilities  available  in  the  Cape  Canaveral 
area  in  Florida.  They  have  been  used  to  develop 
mesocale  weather  prediction  capabilities  and  for  the 
second  year  they  are  also  being  used  for  lightning 

"^Numbers  in  brackets  designate  references  at  end  of 
paper. 


research.  There  are  indications  that  this  kind  of 
work  will  continue  for  years  to  come  and  1  am  here 
to  encourage  you  to  join  us  and  make  use  of  these 
facilities.  Let  me  make  it  clear  that  we  are  not  a 
research  facility — we  are  operations.  But  we 
encourage  activities  from  which  we  hupe  to  derive 
benefits. 

What  I  want  to  describe  for  you  in  this  presentation 
is  the  environment  in  which  you  can  perform  a 
variety  of  research  projects. 

II.  LOCALE 

Around  Cape  Canaveral  people  often  refer  to  "This 
side  of  the  river  or  the  other  side  of  the  river." 
Well,  the  river  in  question  is  the  Banana  River 
(Fig  1)  and  one  side  belongs  to  the  U.S.  Air  Force 
and  the  other  side  to  NASA.  The  Air  Force  side 
(east  of  the  Banana  River)  is  the  Cape  Canaveral  Air 
Force  Station  and  includes  Cape  Canaveral  proper  and 
Fort  Canaveral.  Cape  Canaveral  is  the  headwaters,  so 
to  speak,  of  the  10,000  mile  F.astern  Test  Range.  The 
NASA  side  is  the  J.F.  Kennedy  Space  Center  or  KSC. 

All  launch  pads,  both  NASA  and  Air  Force,  are  on 
Cape  Canaveral  except  for  the  Space  Shuttle  launch 
pads  (complexes  39  A  4  B)  which  are  on  KSC.  The  NASA 
launch  pads  on  Cape  Canaveral  are  used  for  satellite 
launches  (using  Atlas  Centaur  and  Delta  vehicles) 
and  are  leased  from  the  Air  Force.  Other  users  of 
Air  Force  launch  pads  are  the  Army,  the  Navy  and 
whoever  else  has  a  legitimate  need.  The  overall 
area  of  both  sides  of  the  Banana  River  covers  about 
417  square  kilometers.  The  air  space  above  is 
restricted  to  space  launch  and  allied  operations.  In 
effect  we  have  our  own  three-dimensional  world  extend¬ 
ing  20  km  from  the  Indian  River  to  the  Atlantic  Ocean, 
29  km  from  Port  Canaveral  to  the  north  bounds  of  the 
Kennedy  Space  Center  and  100  km  high.  And  last  but 
not  least,  we  are  in  one  of  the  highest  isokeraunic 
areas  of  the  world. 

III.  THE  SUPPORT  FACILITIES 


1.  There  are  two  industrial  areas,  one  for  KSC  and 
one  for  the  Cape.  Each  one  has  shop  and  laboratory 
facilities  and  all  the  support  you  might  want  ranging 


330 


C.N.  Goiub 


from  cafeterias  to  physical  standards  laboratories. 

We  have  tracking  radars,  tracking  optics  (with  video 
recording  capabilities),  telemetry,  and  our  own  air 
traffic  controllers  working  in  conjunction  with  the 
Federal  Aviation  Administration  (FAA)  controllers. 

But  more  to  the  point  for  weather  and  lightning  re¬ 
searchers  we  have  the  following  to  offer: 

2.  The  "piece  de  resistance"  is  the  McIDAS-lineage 
MIDDS.  Let  me  explain  this  mumbo-jumbo.  McIDAS 
stands  for  "Man-computer  Interactive  Data  Access 
System."  It  is  the  brain  child  of  the  Space  Science 
and  Engineering  Center  of  the  University  of  Wisconsin 
for  integrating  a  variety  of  meteorological  data  sets 
into  one  display.  MIDDS  stands  for  "Meteorological 
Interactive  Data  Display  System"  which  is  a  local 
adaptation  of  the  McIDAS  for  Space  Center  activities. 
Eventually  there  will  be  a  network  of  such  systems, 
at  the  Cape,  at  the  NASA  Johnson  Space  Center  in 
Houston,  Texas,  and  the  Marshall  Space  Flight  Center 
in  Huntsviile,  Alabama,  at  the  Western  Test  Range, 

at  the  Air  Force  Consolidated  Space  Operations  Center, 
at  the  University  of  Wisconsin,  and  elsewhere. 

Most  of  these  systems  will  have  access  to  one 
another's  data  sets  as  weii  as  to  global  meteorologi¬ 
cal  data  systems  such  as  COES,  Meteosat,  and  other 
such  remote  sensors. 

The  MIDDS  at  Cape  Canaveral  (also  known  as  MIDDS  I) 
is  a  particularly  weii  honed  system  for  "nowcasting"; 
it  is  designed  to  give  accurate  weather  conditions 
for  time  intervals  of  up  to  two  hours  from  the  time 
the  forecast  is  issued  in  a  cross-section  of  atmo¬ 
sphere  a  few  kilometers  wide,  about  300  kilometers 
long  and  100  kilometers  high.  These  are  the  dimen¬ 
sions  of  the  Orhiter's  landing  approach  during  which 
it  is  very  sensitive  to  the  presence  of  the  slightest 
amount  of  moisture  in  condensed  form  in  the  surround¬ 
ing  atmosphere.  If  the  conditions  are  not  right  for 
an  immediate  landing,  the  Orbiter  is  waived  off  for 
another  orbit.  If  adverse  conditions  are  expected 
to  persist  for  a  ionger  period  of  time,  the  Orbiter 
is  rerouted  to  Edwards  Air  Force  Base  in  California. 

It  is  then  brought  back  piggyhack  on  a  747  aircraft 
to  the  Kennedy  Space  Center,  an  expensive  proposition. 

In  addition  to  the  demanding  requirements  for  shuttle 
landing,  there  are  numerous  needs  for  accurate  "now- 
casting"  in  the  various  phases  of  preparation  for  a 
space  launch,  such  as  transfers  of  payloads  from 
preparation  site  to  launch  site,  various  weather 
sensitive  tasks  on-site,  threats  of  direct  and  induced 
effects  of  lightning,  etc. 

3.  Available  Meteorological  Data 

In  its  sophisticated  task  of  precision  nowcasting  in 
addition  to  its  capability  for  more  conventional  but 
stiil  high  accuracy  forecasting,  the  MIDDS  is  support¬ 
ed  by  the  following  data  sets: 

a.  Two  COES  local  earth  stations  (for  COES  East 
and  a  GOES  yet  to  be  launched)  indicating  cloud  cover 
in  the  visible  and  infrared. 

b.  An  extensive  mesonetwork  of  sixteen  stations 
in  the  Cape/KSC  area  for  surface  observation  (between 
ground  and  the  150  meter  level)  supplying  wind  speed 
and  direction,  temperature,  and  dew  point.  Additional 
stations  are  being  installed  on  the  mainland  to  the 
west . 


c.  An  upper  air  data  acquisition  system  consist¬ 
ing  of  rocketsondes,  rawinsondes,  jimspheres,  and  wind- 
sondes,  both  at  the  Cape  and  at  downrange  stations, 
and  two  ground-based  telemetry  and  tracking  systems. 

d.  A  local  5cm  weather  radar  with  backup  from 
other  weather  radars  located  130  kilometers  to  the 
north,  220  kilometers  to  the  west  and  300  kilometers 
to  the  south.  Next  fall  we  shall  have  the  added  cap¬ 
ability  of  a  volumetric  display  of  weather  radar  data; 
in  this  mode  we  shall  be  storing  conventional  data 
scanned  in  azimuth  and  elevation  for  the  whole 
three-dimensional  space  and  then  display  it  along  any 
desired  cross  section  of  the  atmosphere,  such  as,  for 
instance,  the  Shuttle  landing  approach. 

e.  An  extensive  network  of  field  mills  (a  total 
of  34  scattered  over  the  Cape/KSC  area). 

f.  A  dual  array  lightning  location  system  which 
in  conjunction  with  the  field  mill  network  supplies 
a  very  complete  picture  of  lightning  activity  in  an 
area  of  about  300  kilometers  around  the  Cape. 

g.  In  addition  to  the  above  local  nr  near-local 
data  sources,  we  receive  the  conventional  worldwide 
weather  services  from  the  National  Weather  Service, 
the  National  Oceanic  and  Atmospheric  Administration, 
the  Federal  Aviation  Administration,  etc. 

4.  Available  Displays 

All  of  the  above  are  ingested  in  the  MIDDS  and  can 
be  displayed  with  or  without  preprocessing  and  with 
the  proper  navigation  and  scaling  applied  to  the 
data  for  correct  overlaying;  these  data  can  he  dis¬ 
played  in  a  variety  of  presentations  such  as: 

a.  Cloud  cover  in  two  or  three  dimensions,  in 
visible  or  infrared  or  computer  enhanced  combination 
with  a  resolution  of  up  to  one  km.  The  three  dimen¬ 
sional  presentation  gives  you  a  feeling  of  depth 

as  vou  observe  the  cloud  configuration  from  above. 

b.  Tlie  cloud  imagery  cun  be  color  enhanced  or 
color  coded  to  provide  precipitation  (from  the 
weather  radar),  lightning  and  other  information. 

c.  Several  such  images  taken  at  different  times 
can  be  looped  to  give  you  the  actual  motion  and 
evolution  of  weather  conditions  over  a  given  period 
of  t ime . 

(  d.  Streamlines  of  wind  direction  and  velocity 
can  he  over  laved  an  this  imagery. 

e.  Isotherms  and  isohars  and  other  contours  can 
also  be  overlayei*  or  displayed  separately. 

f.  Other  information  available  includes  atmos- 
p  iric  temperature  profiles,  Skew-T  and  Stuve 

t’  modynumic  diagrams,  etc. 

i V .  THE  PROVING  GROUND  AND  IIS  OPERATIONS 

Now  that  I  have  described  some  ol  the  teclinicai 
r“Sou,ces  to  be  found  at  Cape  Canaveral,  let  me  teli 
you  some  of  the  uses  researchers  have  made  of  them. 

a.  This  is  the  second  season  that  an  FAA  instru¬ 
mented  aircraft  will  be  flying  in  the  area,  being 
vectored  in  and  out  of  thunderstorms  by  Cape  Canaveral 
ground  instrumentation.  Some  of  the  video  cameras  and 
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timing  units  used  on  board  to  recrod  lightning  strik¬ 
ing  the  aircraft  and  the  time  of  the  events  are  on 
loan  from  the  Cape.  It  has  also  flown  over  lightning 
triggering  rockets  and  their  launch  by  a  French  crew 
was  synchronized  with  the  aircraft  position  overhead. 

b.  Ground  instrumentation  for  lightning  research 
from  the  Wright  Flight  Dynamics  Laboratory  was  used 
to  make  observations  synchronized  with  those  made  by 
the  FAA  aircraft.  It  was  also  used  to  make  other 
observations,  including  electromagnetic  propagation 
over  the  ocean. 
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c.  Other  lightning  research  was  conducted 
either  independently  or  in  coordination  with  the 
above  projects  by  various  research  organizations, 
including  the  Universities  of  Florida  and  Arizona 
and  by  the  State  University  of  New  York  at  Albany. 

d.  Currently  the  NASA  Marshall  Space  Flight 
Center  has  a  wind  profiler  doppler  radar  being 
tested  at  the  Cape  with  weather  data  and  logistics 
support  being  supplied  by  the  Air  Force. 

If  you  personally  have  an  interest  in  taking  advant¬ 
age  of  our  resources,  describe  your  needs  in  a  letter 
to  me  and  I  shall  be  able  to  tell  you  how  we  can 
support  you  and  supply  you  with  additional  details 
that  would  be  of  interest  to  your  specific  needs. 

CONCLUSION 

The  meteorological  community  in  general  and  the 
lightning  community  in  particular  are  often  looking 
for  hard  to  find  resources  to  perform  their  research 
under  better  controlled  conditions  and  at  less  cost. 
The  Cape  Canaveral  area  constitutes  a  proving  ground 
with  almost  limitless  capabilities  for  this  type 
of  research.  Although  not  engaged  in  research 
itself,  the  Eastern  Test  Range  encourages  such 
research  from  which  it  hopes  to  glean  practical 
results  needed  in  its  operations. 
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Figure  1.  Cape  Canaveral  Air  Force  Station  and  NASA  Kennedy  Space  Center. 
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Abstract  -  A  magnetic  direction-finding  network  for  the  detection  of  lightning  cloud-to- 
ground  strikes  has  been  installed  along  the  east  coast  of  the  United  States.  Most  of  the 
lightning  occurring  from  Maine  to  Florida  and  as  far  west  as  Ohio  is  detected.  Time, 
location,  flash  polarity,  stroke  count,  and  peak  signal  amplitude  are  recorded  in  real 
time.  Flash  locations,  time,  and  polarity  are  displayed  routinely  for  research  and 
operational  purposes.  Flash  density  maps  have  been  generated  for  the  summers  of  1983  and 
1984,  when  the  network  only  extended  to  North  Carolina,  and  show  density  maxima  in 
northern  Virginia  and  Maryland. 


I.-  INTRODUCTION 

The  detection  and  location  of  light¬ 
ning  by  a  new  magnetic  d i rec t i on- f i nd  i  ng 
technique  (1)  must  be  considered  one  of  the 
more  interesting  instrumental  developments 
in  recent  years.  Extensive  networks  of 
lightning  direction-finders  (DF)  have  been 
established  for  forest  fire  detection  in 
the  western  United  States,  Canada,  and 
Alaska,  and  research  systems  have  been  used 
in  Florida  and  Oklahoma. 

Principles  of  the  d i r ec t i on- f i nd i  ng 
system 

The  lightning  direction-finding  system  has 
been  described  previously  (1).  The  basic 
system  consists  of  an  orthogonal  magnetic- 
loop  antenna,  a  flat  plate  antenna,  and 
associated  electronics  to  process  the 
incoming  signals.  The  bandwidths  of  the 
antenna  systems  are  wide  (approximately  1 
kHz-lMHz)  so  that  the  shapes  and  polarities 
of  the  lightning  field  waveforms  are  pre¬ 
served.  The  orthogonal  magne t i c- 1 oop 
antenna  senses  the  magnetic  field  from 
lightning  and  a  voltage  is  induced  in  each 
loop  that  is  proportional  to  the  magnetic 
field  derivative  multiplied  by  the  cosine 
of  the  angle  between  the  plane  of  the  loop 
and  the  direction  of  propagation  of  the 
incoming  field.  The  ratio  of  the  inte¬ 
grated  voltages  in  the  orthogonal  loops 
provide  the  direction  to  the  lightning 
flash.  A  180°  ambiguity  in  direction  is 
removed  by  an  electric  field  antenna  that 
senses  the  polarity  of  the  charge  lowered 
to  the  ground.  The  processing  electronics 
are  designed  to  respond  only  to  those  field 
shapes  that  are  characteristic  of  return 
strokes  in  cloud-to-ground  flashes. 

BAST  COAST  NETWORK 

Nine  high  gain  direction  finders  have  been 
installed  along  the  east  coast  to  record 


lightning  ground  strikes,  Fig.  1 

Fig.  1  The  location  of  nine  high  gain 
lightning  direction  finders  are 
shown  in  the  east  coast  lightning 
detection  network  for  the  summers  of 
1983  and  19»4. 
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The  nine  direction  finders  are  located  in 
New  York  (at  Little  Falls,  Cambridge,  and 
Newburgh)  three  in  Virginia  (at  Dahlgren, 
Wallops  Island,  and  Langley),  one  in 
Pennsylvania  (at  State  College),  one  in 
Delaware  (at  the  Greater  Wilmington 
Airport),  and  one  in  Massachusetts  (at  the 
Worcester  Airport).  Each  direction  finder 
has  a  nominal  range  of  400  km  and  where  two 
or  more  direction  finders  overlap  in  their 
coverage,  we  have  sketched  a  line  to  en¬ 
close  the  area  covered  by  the  network. 
Within  this  region,  we  estimate  that  70  to 
80  percent  of  the  ground  strikes  are 
detected.  Outside  this  region,  a  smaller 
percentage  of  lightning  ground  strikes  are 
detected. 

All  9  DF's  are  controlled  by  a  position 
analyzer  microcomputer  that  is  located  in 
the  operations  room  at  the  State  University 
of  New  York  at  Albany.  This  is  labeled  as 
PA  in  Fig.  1.  Communications  between  the 
position  analyzer  and  the  DF's  are  over  a 
full  duplex,  2400  baud,  synchronous-leased 
circuit  that  operates  continuously  through¬ 
out  the  year.  The  position  analyzer 
monitors  the  status  of  each  remote  DF  and 
the  data  link  by  polling  the  DF's  at  a  rate 
of  five  stations  per  second. 

When  a  DF  senses  a  lightning  ground  flash, 
the  signals  for  up  to  14  return  strokes  are 
processed  by  the  DF  microcomputer.  The 
time,  angle,  signal  amplitude,  and  polarity 
of  the  first  return  stroke,  and  the  stroke 
count  (multiplicity),  then  are  stored  in 
memory  until  it  is  polled  by  the  position 
analyzer.  When  two  or  more  DF's  record  a 
flash  within  a  programmed  time  interval 
(typically  6  msec)  the  location  of  the 
flash  is  computed  and  plotted.  The  data 
associated  with  the  flash  are  displayed  on 
video  graphic  terminals,  and  recorded  on 
nine-track  tape.  The  results  can  then  be 
analyzed  for  flash  characteristics  such  as 
flash  density  as  a  function  of  location  and 
t  ime . 

Flash  density  results 

At  the  request  of  the  Electric  Power 
Research  Institute  (EPRI),  the  ground 
strike  flash  density  has  been  monitored 
since  June  of  1983.  Two  summers  of 
observations  have  been  completed.  Figure  2 
shows  a  flash  density  map  that  is  produced 
by  combining  the  ground  flash  data  for  June 
1983  and  June  1984.  The  contour  interval  is 
S00  ground  flashes  over  an  area  of  50  x  50 
km.  Thus  the  first  contour  represents  a 
flash  density  of  500  flashes  per  2  500  kmz 
or  0.2  flashes  per  km.  The  first  dark 
contour  is  the  fifth  one  and  corresponds  to 
2  500  flashes  or  a  flash  density  of  1  per 
km.  The  origin  of  the  plot  is  at  the  lower 
left  corner  and  is  at  35  degrees  north 
latitude  and  85  degrees  west  longitude.  The 
size  of  the  plot  is  1  500  by  1  500  km. 
Significant  maxima  appear  where  the  Potomac 
River  enters  the  Chesapeake  Bay  along  the 
Virginia  -Maryland  border  and  near  the 
Pennsylvania,  New  Jersey,  New  York  border. 
Lesser  maxima  occur  in  southwestern 


Fig.  2  Contours  are  shown  for  the 
composite  flash  density  for  the 
months  of  June  1983  and  1984. 


Pennsylvania  and  southeastern  Connecticut. 
The  decrease  of  the  flash  density  along  the 
periphery  of  the  network,  see  Fig.  1,  is  the 
result  of  the  decreasing  sensitivity  of  the 
network.  The  local  maxima  over  the  Atlantic 
Ocean  to  the  southeast  of  Delaware  is  the 
result  of  a  site  error  and  will  be  removed 
in  future  plots  as  soon  as  the  corrections 
are  evaluated. 

The  flash  density  for  the  combined  months 
of  July  1983  and  July  1984  is  shown  in  Fig. 
3.  The  parameters  of  the  plot  are  the  same 
as  for  Fig.  2.  Note  that  the  maximum  flash 
density  occurs  near  the  Virginia  -  Maryland 
border  where  the  Potomac  River  enters  the 
Chesapeake  Bay.  The  highest  flash  density 
is  1.8  flashes  per  kmz  for  this  composite 
plot.  The  maximum  along  the  Pennsylvania  - 
New  Jersey  border  in  June  (Fig.  2)  has  now 
shifted  to  northern  New  Jersey.  Other  less 
prominent  maxima  occur  along  the  east  coast. 

The  flash  density  plot  for  the  final  month 
of  summer  is  shown  in  Fig.  4  where  we  have 
combined  the  ground  flash  density  values 
for  August  of  1983  and  1984.  The  maximum 
flash  density  has  shifted  to  central 
Virginia  where  values  exceeding  5  000 
ground  flashes  per  50  by  50  km  are  shown. 
This  corresponds  to  ground  flash  densities 
exceeding  2  per  kmz  for  the  two  combined 
months.  A  maximum  appears  in  the  eastern 
New  York  area  with  values  reaching  1.8 
flashes  per  km.  A  smaller  maximum  occurs 
in  West  Virginia  and  indicates  the 
Influence  of  the  Applachian  Mountains. 

The  total  number  of  flashes  recorded  in  the 
summer  months  of  1983  and  1984  exceeds 
1  000  000.  The  detection  efficiency  of  the 
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3  Lightning  ground  flash  density  for 
the  months  of  July  in  1983  and 
1984. 


Fig.  4  Lightning  ground  flash  density  for 
the  months  of  August  in  1983  and 
1984  . 


network  as  a  function  of  space  is  unknown 
at  this  time,  but  studies  in  parts  of  the 
network  suggest  that  it  ranges  from  50  to 
70  percent  in  1983  to  much  higher  values  in 
1984  because  of  the  installation  of  im¬ 
proved  software  in  the  position  analyzer 
microcomputer.  We  believe  that  the 
relative  values  of  the  flash  densities  show 


significant  variations  that  are  real. 
Flash  density  maps  for  smaller  areas  to 
meet  the  needs  of  utilities  can  be 
generated  from  our  data  base  over  a  grid 
size  as  small  as  a  few  kilometers. 


Peak  current  estimates  and  polarity 

The  network  records  the  peak  amplitude  of 
the  magnetic  field  and  the  polarity  of  the 
charge  lowered  to  ground  in  each  lightning 
flash.  We  have  summarized  these  data  for 
the  summers  of  1983  for  both  negative  and 
positive  lightning  ground  flashes. 

Figure  5  shows  a  histogram  of  the  normalized 
radiation  values  to  a  distance  of  100  km  for 
all  negative  flashes  detected  in  the  summer 
of  1983.  Nearly  500  000  cloud-to-ground 
flashes  lowering  negative  charge  were 
recorded.  The  abscissa  has  a  median  value 
of  162  and  this  can  be  related  to  the  median 
value  of  the  peak  current  reported  by  Berger 
(2)  for  negative  flashes  to  the  instrumented 
towers  of  the  Mt.  San  Salvatore.  Berger's 
median  vulue  was  30  kA  and  is  assumed  to 
match  the  median  value  for  the  ground  flash¬ 
es  recorded  by  the  East  Coast  Network. 
Since  the  peak  magnetic  field  is  linearly 
related  to  the  peak  current,  a  value  of  500 
on  the  abscissa  corresponds  to  approximately 
100  kA  and  a  value  of  1  000  corresponds  to 
approximately  200  kA.  We  note  that  few 
flashes  lowering  negative  charge  exceeded  a 
peak  current  of  100  000  amps. 
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NORMALIZES  RAC  I  AT  ION  VALUES 

F;g.  5  Distribution  of  the  peak  magnetic 
field  values  for  first  strokes  in 
negative  flashes  to  ground.  The 
units  are  high  gain  values  from 
the  direction  finders  normalized 
to  100  km. 

A  similar  histogram  plot  for  16  000  ground 
flashes  for  the  summer  of  1983  lowering 
positive  charge  is  shown  in  Fig.  6.  Note 
that  the  width  of  the  histogram  is 
significantly  broader  than  the  histogram 
for  negative  flashes  shown  in  Fig  5.  Also, 
note  that  the  median  magnetic  field  value 
is  approximately  50  per  cent  higher  imply¬ 
ing  a  median  peak  current  of  45  kA  for 
positive  flashes.  It  appears  that  light¬ 
ning  lowering  positive  charge  has 
significantly  higher  peak  currents.  Per¬ 
haps  it  is  these  flashes  that  are  the  most 
damaging . 
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Fig.  6  Distribution  of  the  peak  magnetic 
field  values  for  first  strokes  in 
positive  flashes  Ic  ground.  The 
units  are  high  gain  values  from 
the  direction  finders  normalized 
to  100  km. 

Network  expansion 

During  the  fall  of  1984  and  the  spring  of 
1985,  the  east  coast  network  is  doubling 
its  size  as  lightning  direction  finders  are 
installed  along  the  east  coast  to  Florida. 
Figure  7  shows  the  extent  of  the  network. 

It  will  be  possible  to  monitor  the  develop¬ 
ment  of  thunderstorms  throughout  the  network 
from  one  location  at  the  State  University  of 
New  York  at  Albany  and  to  provide  these 
data  to  any  user  within  the  network  area. 
Data  will  be  available  in  real  time  or  from 
a  file  to  aid  in  the  operation  use  or  the 
research  use  of  the  lightning  data. 

1 1 -CONCLUSION 

The  results  of  this  study  show  that  the 
installation  of  a  ground  strike  iightning 
detection  network  along  the  East  Coast 
provides  the  first  opportunity  to  monitor 
the  flash  density  as  a  function  of  space  and 
time.  Flash  density  plots  have  been  shewn 
for  combined  months.  It  is  also  possible  to 
plot  the  seasonal  and  annual  distribution  of 
lightning  ground  flashes.  Peak  normalized 
radiation  values  for  first  return  strokes 
have  been  plotted  for  the  summer  of  1983  for 
flashes  lowering  negative  charge  and  for 
flashes  lowering  positive  charge.  The 
median  peak  magnetic  field  for  negative 
flashes  indicates  that  the  median  peak 
current  is  30  kA.  The  median  peak  magnetic 
field  for  positive  strokes  is  50  per  cent 
higher  implying  a  median  peak  current  of  45 
kA  for  positive  flashes. 
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Fig.  7  The  extent  of  the  cast  coast  light¬ 
ning  detection  network  is  shown  for 
the  summer  of  1985. 
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ABSTRACT  -  FI**  racket  triggered  eloud-to-ground  lightning  flaahaa  aara  detected 
by  the  operational  lightning  locating  ayataa  at  tha  NASA  Kennedy  Space  Canter  on 
Auguet  17,  1SS4.  Tha  locating  ayataa,  ahlch  aaa  daalgnad  to  detect  natural 
lightning,  detected  at  laaat  2  and  *a  aany  a*  S  atroka*  In  the  triggered  flaahaa 
auggaatt  g  that  aoaa  of  tha  atroka*  In  tha  triggered  lightning  had  algnal 
aaplltuda  and  aeveehapa  charactarl att ca  alallar  to  natural  lightning.  Hoaavar, 
not  all  triggered  atroka*  aara  detected  Indicating  that  aoaa  atroka*  aara 
atypical  In  nature.  Since  tha  ground  atrlka  point  of  the  triggered  flaahaa  aara 
knoan  quite  praclaaly,  tha  accuracy  of  tha  lightning  locating  ayataa  aaa  alao 
evaluated.  The  3  direction  flndara  aara  found  to  hav*  a  aaan  baarlng  accuracy 
of  +  0. 5-0.8°.  The  dlatanca  error  of  tha  raal-tla*  position  solutions  of  tha 
locating  ayataa  on  tha  triggered  flaahaa  aara  In  tha  range  of  1S5-770  a  atth  a 
aaan  of  480  a. 


1.  INTRODUCTION 

Ourlng  tha  auaaar  of  1B84  a  tea*  of  aclantlat* 
fro*  the  Centra  d'Etudae  Nucslalre*  (CEN),  Granobla, 
Franca  triggered  8  lightning  flashes  during  3 
aaparata  th  undt  r  at  o  raa  at  tha  NASA  Kennedy  Spec* 
Canter  (KSC)  In  Florida,  Th*  flaahaa  aara  triggered 
using  asall  ground  launched  hall-  auppraaalon  rocket* 

■  hi  oh  trail  a  grounded  conducting  airs,  Tha 
triggering  technique  and  earlier  raeult*  are 
described  alaaahar*  (Ftaui  at  *1.,  1 07  S t  Hubert  and 
Manga*,  1 g(3 ]  . 

Ourlng  on*  thundaratore  on  August  17,  I  rocket* 

■  are  launched  bataan  2003  and  2041  UT1  triggering  6 
cloud-to-ground  lightning  flash**.  Fiv*  of  tha  < 
lightning  flash**  aara  detected  by  th*  IIP  Lightning 
Locating  Syetea  ahloh  la  operated  for  NASA  by  tha 
U.t.  Air  Force  at  tha  Cap*  Canaveral  Air  Fore* 
Station  (CCAFS).  Of  th*  S  triggered  flaahaa  detected 
by  the  LLP  Lightning  Locating  Syataa,  4  flaahaa  aara 
located  In  raal-tla*  by  t rl ang ul a tl on  froa  2  or  aara 
of  tha  responding  direction  finding  station*.  In  tha 
rasalnlng  caaa,  only  a  single  direction  finding 
station  responded  to  th*  triggered  lightning  so  that 
na  position  could  ta  oaloulatad. 

Tha  dataotlsn  of  S  of  tha  ■  triggered  lightning 
flaahaa  by  tha  LLP  Lightning  Looatlng  Syataa  1* 
algnlfloant  for  at  laaat  2  reason*  -  (i)  aims  th* 
LLP  Lightning  Locating  Syataa  ta  daalgnad  to  detect 
only  natural  lightning  return  strokes,  detection  of 
tha  triggered  lightning  Indicates  that  at  least  1 


atroka  In  tha  triggered  flaahaa  had  aavaahapa  nnd 
Intensity  charactarl atl ca  alallar  to  natural 
lightning  return  atroka*  (II)  alnc*  the  location  of 
th*  ground  strike  point  of  the  triggered  lightning  la 
knoan  quits  praclaaly,  coaparlaon  of  th*  raal-tla* 
position*  dataratnad  by  tha  LLP  Lightning  Locating 
Syataa*  alth  th*  location  of  th*  trlggar  alt* 
provide*  a  unique  opportunity  to  aaka  an  undlaputabla 
evaluation  of  th*  oparatlonal  accuracy  of  thl* 
lightning  locating  ayataa. 

In  thl*  papar,  as  avaaln*  In  detail  the 
raal-tlaa  data  generated  by  th*  LLP  Lightning 
Locating  Syataa  to  batter  dafln*  th*  aorphology  of 
th*  store  during  ahlch  th*  lightning  flaahaa  aara 
triggered  and  to  atudy  th*  aeaaurad  charect* r  I  at  I  e* 
of  tha  rocket  triggered  lightning  flaahaa  theaaolvo*. 
Special  attantlon  sill  b*  glvon  to  aatlaatlng  th* 
accuracy  of  th*  oparatlonal  lightning  locating  ayataa 
using  tha  rockat  trtggarad  lightning.  The  aeaaurad 
cccuracy  dale  era  than  uaad  a*  Input  to  a  atapls 
aodal  ahlch  graphically  daplct*  th*  locating  accuracy 
of  th*  lightning  ayataa  throughout  It*  full 
operational  rang*. 

2.  LOCATING  SYSTEM 

Th*  lightning  locating  ayataa  Installed  at  th* 
NASA  Kennedy  Spao*  Canter  Is  a  cosaarclal  ayataa 
davalapad  and  asnufacturad  by  Lightning  Leoatlon  and 

1AU  ttaaa  given  her*  or*  Universal  Tie*  (UT). 
Eaatarn  Daylight  Tie*  (EOT)  1*  UT  alnu*  4  hour*. 
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Protection,  Inc,  (LLP)  or  Ti’ceon,  Arizona.  The 
ayataa  aea  flrat  Inataltad  on  a  trial  baaia  during 
tha  auaaar  of  1878  aa  part  of  tha  Fadaral  Evaluation 
of  Lightning  Tracking  Syataaa  (FELTS)  conducted  for 
tha  U.S.  Navy  by  Southaaat  Raaaarch  Inatltute 
(Johnson,  1880).  Saaad  on  tha  cuccaaaful  parforaanea 
of  thla  ayataa  during  tha  FELTS  taat,  a  eoaplata 
locating  ayataa  aaa  subsequently  purchased  and 
paraanantly  Inatallad  to  aupport  tha  detection  and 
warning  of  thundaratora  hazarda  at  tha  Space  Canter. 
Tha  LLP  Lightning  Locating  Syataa  and  a  nataork  of  34 
alactrtc  field  allla  aarva  aa  tha  prlaary  lightning 
hazard  Inputa  to  tha  Ha taorol ogl  ca l  Interactive  Oata 
Display  Syataa  (HI00S)  noa  being  laptaaantad  to 
aupport  tha  aaathar  aanaltlva  launch,  landing,  and 
ground  oparetlona  of  tha  Space  Shuttle  at  KSC 
[Errlkaon  at  al.  1885). 

Tha  LLP  Lightning  Locating  Syataa  at  KSC  la 
coapoaad  of  3  aodlua  gain  lightning  direction  finding 
atatlona  Inatallad  In  a  roughly  triangular  array  aa 
ahoan  In  Flgura  1.  Each  direction  finder 

a utoaa t 1 ca l ly  datacta  tha  radio  tapulta  generated  by 
any  lightning  return  atrokaa  althln  a  noatnal  range 
of  20C  ka  and  aaaauraa  tha  bearing  angla  to  the 
lightning  ground  atrlka  point.  Radio  lapulaae  froa 
non- 1 1 gh tn I ng  background  noiaa  aourcaa  (a.g.  radio, 
radar,  Ignition  noiaa,  ate.)  and  Intra-cloud 
lightning  era  rajaetad  by  tha  direction  finder 
electronics,  Baaad  on  previous  aaa auraaa nt a,  It  la 
thought  that  tha  angular  accuracy  of  tha  direction 
flndar  la  a ppro* 1 aa ta ly  +  1®  (Krlder  at  al,,  1B78), 


Figure  1.  -  Nap  of  tha  Kennedy  Specs  Canter  area 

ahoaing  tha  position  of  tha  3  dlrrctlon  finding 
atatlona  (OF)  and  tha  Rocket  Trigger  Sits. 


hnca  a  llghtnlnv  flash  haa  bean  datactad  by  tha 
direction  flndar  tha  azlauth,  first  stroke  signal 

Intensity,  signal  polarity,  and  tha  stroke 

aultlpllclty  of  tha  datactad  flaah  are  tranealttad  to 
a  central  poaltlon  analy.ar  using  dedicated  data 
lines.  Tha  position  analyzer  conputaa  tha  loostlon 
of  aaoh  lightning  flaah  In  raal-tloa  by  a 
trl  angutatl  on  of  tha  tlaia  coincident  Inputs  froa  2  or 
aora  direction  finders.  Tha  eoaputad  lightning 
location  and  raa  direction  finder  data  oro 
tranofarrad  to  a  conventional  hardcopy  prlntor  and 
aagnatlc  taps  recording  ayataa  for  archival  and  lotar 
anolyaia.  Tha  procaaaad  lightning  data  ora  alas 
dloaaalnatad  to  hi  gh-ra  aolut  1  on  color  dloploya  ahlch 


graphically  ahoa  tha  location  and  evolution  of 
lightning  otorao  near  tha  Space  Canter  to  aid  tha 
forecasting  and  earning  of  tlghtntng  and  thundaratora 
hazarda.  Tha  naxtaua  delay  froa  tha  tine  of 
occurrence  of  a  lightning  flaah  to  dlaplay,  using 
thta  ayataa,  la  2  seconds.  Tha  overall  lightning 
locating  ayataa  configuration  and  operation  la 
daaertbad  by  Krlder  at  al.  (1880)  and  Malar  at  al. 
(1884)  . 

3. STORM  M0RPH0L0GT 

Magnetic  tape  records  for  tha  atom  of  August 
17,  1884  began  at  1 822 .  A  plot  of  all  2083 

cloud-to-ground  lightning  floohoo  datactad  and 
located  by  tha  LLP  Lightning  Locating  Syataa  batnaan 
1822  and  2100  [ahan  tha  atom  ended)  are  ahoan  In 
Flgura  2.  Tha  bulk  of  tha  lightning  occurred  In  a 


1884.  2083  'leehae  are  plotted. 

roughly  north-uouth  line  eitendlng  doan  tha  Indian 
River  froa  Just  north  or  tha  Space  Canter  to  over 
Ma l bourne.  Surface  alnd  data  froa  the  KSC  nlnd  toaar 
nataork  (not  ahoan)  Indicates  a  strong  aaabraaza 
convergence  zona  aovad  Inland  froa  tha  Atlantic  Ocean 
starting  about  16  40,  Tha  vaabraaza  convergence  zona 
reached  tha  Indian  River  about  1  820  and  probably 
Initiated  tho  davalopaant  of  thr  aajor  north-south 
etora  coaplaz  over  and  Just  aaat  of  tha  Space  Canter 
during  tha  afternoon  of  August  17, 

A  hlatograa  of  tha  rata  of  occurronco  of 
cloud-to-ground  flaahoa  althln  58  ka  (30  NN)  of  tna 
Range  Control  Canter  (RCC)  at  tha  Capa  Canaveral  Air 
Force  Station  la  given  in  Flgura  3.  Tha  atom  aaa 
already  producing  cloud-to-ground  lightning  ahan  tha 
tape  records  began  at  1622.  Tha  lightning  rata 
quickly  Increased  to  a  sustained  level  eeceadlng  10 
floehee/aln  by  1140,  Tha  lightning  rata  reaelned 
above  10  riaahoa/aln  until  1S50.  Tha  10  flaah/aln 
atom  claud-to-ground  lightning  roto  thraehold  la 
generally  regarded  aa  a  rolleble  Indicator  of  tha 
transition  froo  a  aoderete  to  oavaro  thunderatom, 
Tha  average  atom  cloud-to-ground  lightning  rato  In 
Florida  la  generally  1-2  flaahaa/nln  (Pakhaa.at  al., 
11141  and  Molar  and  Krlder,  1882),  Tha  S-aln  average 
peak  lightning  rata  of  26  floohoe/oin  occurred 
batnaan  1805-1810.  This  la  one  of  tha  highest  peak 
atom  ctoud-ti'-ground  lightning  rates  yet  datactad 
using  tha  LlP  Lightning  Locating  6yatan  (Psckhau  at 
al.,  1884  and  Malar  and  Kr 1  da r ,1 882 ) . 
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FI  gun  3.  -  HI  etograa  of  the  c  loud-to-ground 

lightning  rat*  In  the  Kennedy  Space  Center  araa  on 
Auguat  17,  1884, 


All  8  of  tha  rockat  launchaa  and  aubaaquant 

trlggarad  lightning  avanta  occurrad  naar  tha  and  of 
tha  eto'a  (Flgura  3).  Tha  atora  cloud- to-ground 
lightning  rata  aaa  about  5  flaahaa/aln  nhan  tha  fl rat 
rockat  aaa  launchad  dacraaalng  to  balon  3  flaahaa/aln 
for  tha  laat  S  launchaa,  Tha  laat  cloud-to-ground 

flaah  fraa  tha  atora  occurrad  about  2065. 

Tha  apatlai  avolutlon  of  tha  atoraa  on  tha 

aftarnoon  of  Auguat  17  ara  depleted  In  a  aarlaa  of 
oloud-ta-ground  lightning  aapa  aach  nearing 
aucoaaalva  30  alnute  Intarvala  (Flgura  4).  Tha  aajor 
cluatara  of  lightning  (praauaebly  tha  Individual 
atoraa]  heva  baan  identified  and  labalad  on  Flgura  4, 
Tha  aajor  atora  eluatar  (Identified  ra  ]  la  already 
active  at  tha  tine  of  tha  flret  panel  (Flgura  4a) 
over  tha  north  and  of  tha  Indian  River.  In  tha 
aubaaquant  aapa  (Flguree  4b-4e]  tha  atora  elthar 
aovaa  or  davalope  to  tha  aouthaaat  and  paaaaa  over 
tha  north  part  of  tha  Space  Canter  and  dleelpetea 

Juat  off  tha  aaat  tip  of  Capa  Canaveral,  The  atora 
raachaa  peak  Intenelty  batnaan  1600  and  1828  (Flgura 
4c)  nhlle  tha  atora  la  cantered  Juat  neat  of  tha 
Shuttle  Landing  Facility  |8LF|. 

Tha  aacond  aajor  atora  (Cj]  foraa  over  tha 
Indian  River  aouthaaat  of  tha  Space  Canter  prior  to 
1830.  Initially  thla  atora  atrangthana  and  davalope 
aaataard  (Flgura  4b)  and  than  ehlfte  eouthaerd  doan 
tha  coaat.  Vary  ran  of  tha  lightning  flaahaa  froa 
thla  atora  etrlke  aaat  of  tha  coaatllna  over  tha 
Atlantic  Ocean.  Tha  atora  dloolpotoo  naar  Melbourne 
after  8000.  A  ootend  atora  (C^)  foraa  Juat  neat  of 
atora  Cg  and  cove  aaataard  aver  Lake  Veehlagton. 
Thla  atara  dleelpetea  Juat  aa  atara  Cg  raachaa  peak 
Intenelty. 

A  naaber  af  ether  ataraa  ara  alao  detected 
darlns  thla  pnrlad,  Sterae  C4>  c,,  eg,  and  C,  fara 
pragraaalvaly  farther  aaataard  fraa  tha  Atlantic 
oaaatllne.  Sterae  Cy  and  C.  fore  Inland  fraa  tha 
oaaat  aall  aauth  af  atara  C.. 

Tha  avarall  evolution  af  ataraa  an  thla 
afternoon  aahlhlt  a  high  degree  er  argent totl an.  Tha 
initial  oetlvlty  aooara  narthaaat  of  tha  Speoo  Canter 
alth  the  aajor  ataraa  (C,.  cf,  and  C.)  developing  or 
pragraaalng  aaathaard  clang  tha  oaaat  praauaably  In 
tha  tana  af  atrang  eeobreeie  induced  oanvarganaa. 
*>(ra>  C.,  C,i  C  ,  and  C.  davalap  Inland  In  a  aaat  to 
aouthaaat  dlraot'an.  no  7  ataraa  ahl  oh  fara  aall 
Inland  fraa  tha  oaaat  aa  thla  aftarnaan  have  charter 
derail  ana  and  predate  far  faaar  flaahaa  than  tha  t 
aajar  ataraa  ahloh  i.ra  along  tha  oaaatllna. 


4.  TRIGGERED  LIGHTNING  EVENTS 

Tha  8  trlggorad  lightning  avanta  occurrad  during 
tho  dlealpettng  atagaa  of  atora  C^  batnaan  2003  and 
2042.  Tha  only  natural  eloud-to-ground  lightning 
froa  atora  C^  during  thla  tlae  occurrad  Juat 
aouthaaat  of  tha  RCC  a pprox lee t a  ly  10-12  kn  aouthaaat 
of  tha  trigger  al  to.  Appro xl aata ly  4  natural 
cloud-to-grsund  flaahaa  ara  detected  on  tha  Spaco 
Cantar  foltontng  tha  laat  trlggarad  flaah. 

Tha  trlggarad  Lightning  nara  Identified  uelng 
tha  lightning  locating  ayataa  racorda  by  their  cloaa 
proxlalty  to  tha  rockat  launoh  al  ta  and  tlae  of 
launch.  Since  tha  background  |non- t rl gga red] 

lightning  rata  aaa  quite  Ion  at  thla  tine,  no  don't 
believe  there  la  any  elgnlflcent  eablgulty  In 
Identifying  tha  triggered  flaahaa  uelng  tha  locating 
ayataa  racorda. 

A  Hat  of  tha  tiaee  of  tha  flret  trlggarad 
lightning  atroka  aa  aaan  on  KSC  video  tape  racorda 
and  tha  tlae  of  tha  flret  atroka  recorded  by  tha 
locating  ayatan  are  given  In  Table  1.  Tha  flret 
atroka  locating  ayataa  tlace  ara  batnaan  487  and  880 
allllaaconde  later  than  tha  flret  atroka  tiaee  fron 
tha  video  tape.  A  naan  deley  of  thla  aegnltude  can 
ba  accounted  for  by  a  difference  In  tha  relative  tine 
ay ncron 1 ta 1 1  on  batnaan  tha  locating  ayataa  and  video 
ayataa  clocka.  No  apaclal  effort  naa  aada  to 
ayncronlta  thaaa  2  clocka  vary  praclaaly  and  a 
conatant  dlffaranca  of  froa  467  to  850  allllaaconde 
la  not  unexpected.  Honavar,  elnce  both  clocka  ara 
knonn  to  ba  capable  of  aelntelnlng  tlae  to  an 
accuracy  of  froa  2-8  allllaaconda  over  duratlona 
coaparabla  to  tha  period  during  nhlch  tha  flaahaa 
nara  triggered,  tha  large  ranaa  In  tine  dlffaraneaa 
batnaan  tha  too  ayataaa  la  an  Indication  that  tha 
locating  ayatan  nay  not  have  detected  1  or  aora  of 
tha  flret  otrokae  In  tha  triggered  lightning  avanta. 
If  tha  relative  tlae  dlffaranca  batnaan  tha  2  clocka 
nara  In  tha  range  of  467-473  nl l l 1 aaconda,  than  tha 
flret  atroka  In  flaahaa  3  and  8  nould  have  baan 
detected  by  tha  looatlng  ayataa  and  tha  flret  atrokaa 
datactad  by  tha  locating  ayataaa  In  flaahaa  1,  2,  and 
4  aould  have  occurrad  285,  268,  and  360  allllaaconde, 
reepactlvely,  after  tha  flret  trlggarad  atroka 
appearing  on  tha  video  tape  racorda,  Thaaa 
Intaretroke  Intarvala  ara  auch  longer  than  tha  noraal 
Interetroke  Intarvala  In  natural  lightning  (Uaan, 
1868).  Hoaavar,  return  atrokaa  alth  etyploel 
aavaahapaa  or  thoea  producing  vary  aaall  algnal 
intenettlee  nay  have  ocourrad  during  thaaa  long 
Intaretroke  Intarvala  ahlch  aara  not  dataotabla  by 
tha  direction  flndara  In  tha  locating  ayataa. 

4.1  Olrectlon  Finder  Neaeureaente 

Tha  original  »eel-t1ao  direction  finder  data  for 
all  detected  triggered  lightning  flaahaa  era 
rapreduoad  In  Table  2.  Tha  data  oanalata  of  tha  tlae 
af  tha  flret  dataotad  atroka,  tha  bearing  angle  of 
tha  fir.t  .trek.  1 1.  degree,  fraa  true  north),  the 
peek  algnal  Intenelty  of  the  flret  atroka  (In 
relative  unite),  end  the  nuaber  of  etrekee  detaoted 
In  the  entire  fleeh,  Thla  Inforaetlen  1o  the 
etenderd  date  reoerded  an  aegnetlc  tape  far  each 
fleeh  detaoted  by  the  LLR  Lightning  Looatlng  Syetoa. 
All  3  direction  finder,  reepended  to  triggered  fleeh 
1  end  8,  ahlle  only  direction  finder.  1  end  I 
reepended  te  triggered  fleeh  4  end  8.  Only  direction 
flndnr  8  reepended  te  flneh  8.  None  ef  the  direction 
finder,  reepended  te  flaah  8  (therefore,  ne  date  ere 
ehean  far  thlr  event). 


w 


M.W.  Maier  et  al. 


Mgwra  4.  -  Cl«u4-to-»round  I1ghtn1n(  nM  far  aueeaaa«va  ID-ilii  Intarval 
Auguat  17.  1IM,  Majar  atera  eluatara  ara  t4aatt  Mad. 
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Tibia  1.  -  Tlaaa  of  tha  flrat  datactad  atroka  froa  both  tha  K8C  vldao  tapa 
racorda  and  tha  lightning  locating  ayataa. 


FLASH 

CEN  EVENT 

KSC  VIOEO 

LOCATING  SYSTEM 

1 

84-08 

2003:41  .67 

2003142.838 

2 

84-10 

2010157. 07 

2010157.805 

3 

84-11 

2017144.20 

2017144.887 

4 

84-12 

2023158. 85 

2023158 .854 

5 

84-13 

2028140.82 

2028(48.083 

B 

84-14 

2041 :02 .66 

- 

Tha  dlractlon  flndara  all  datactad  dlffarant 
coablnatlona  of  raturn  atrokaa  In  aach  of  tha 
trlggarad  flaahaa.  In  flaah  1,  dlractlon  flndar  3 
only  dataotad  ona  atroka  204  aa  prior  to  tha  flrat 
atroka  datactad  by  dlractlon  flndar  1.  Dlractlon 
flndar  1  and  3  both  datactad  thraa  atrokaa  latar  In 
thla  flaah.  Altogathar(  tha  dlraotlon  flndara 
datactad  a  alnlaua  of  4  atrokaa  In  flaah  1.  In  flaah 
2,  dlractlon  flndara  1  and  2  both  raapondad  naarty 
alaultanaoualy  to  tha  flrat  datactabla  atroka 
although  dlractlon  flndar  2  only  datactad  1  atroka. 
Olractlon  flndar  3  did  not  datact  Ita  flrat  atroka 
until  40  allllaanonda  aftar  dlraotlon  flndara  1  and 
2,  It  appaara  that  a  total  of  4  atrokaa  aara 
datactad  In  thla  flaah.  Only  dlractlon  flndar  3 
raapondad  to  flaah  3  and  dataotad  4  raturn  atrokaa. 
Ir.  flaah  4,  dlraotlon  flndar  3  datactad  2  atrokaa 
atartlng  1(5  aa  prior  to  tha  only  atroka  datactad  by 


dlractlon  flndar  1.  In  flaah  5(  dlractlon  flndar  1 
raapondad  flrat  and  datactad  8  atrokaa  ahlla 
dlractlon  flndar  3  flrat  raapondad  72  aa  latar  and 
only  datactad  5  atrokaa. 

4.2  Olractlon  Flndar  Baarlng  Accuracy 

Tha  baarlng  anglaa  froa  aach  dlractlon  flndar 
al  ta  to  tha  trlggarao  lightning  flaahaa  ahoa 
•  xcsllant  conal at  anoy  froa  flaah  to  flaah.  Tha 
d 1 ff arancaa  bataaan  tha  actual  and  aaaaurad  baarlnga 
froa  tha  dlractlon  flndar  altaa  to  tha  trlggarad 
lightning  alta  la  glvan  In  Tabla  3.  Tha  accuracy  of 
tha  actual  [ground  truth)  baarlng  la  llaltad  only  by 
our  knoriadga  of  tha  gaographlc  poaltlona  of 
dlractlon  flndar  altaa  and  tha  rookat  trlggar  alta,  a 
valua  uhloh  at  aatlaata  to  ba  +  .1  °  or  laaa  glvan  tha 
aaall  unoartal  ntlaa  In  tha  aurvayad  coordlnataa  of 


Tabla  2,  -  Raal-tlaa  dlraotlon  flndar  data  for  tha  trlggarad  fliahaa. 


SITE 

PARAMETER 

FLASH  1 

FLASH  2 

FLASH  0 

FLASH  4 

FLASH  8 

OF  1 

Tlaa 

2003142.031 

2010(87.208 

- 

2024(89.219 

2029(49.093 

At lauth 

•89.0° 

389.0° 

- 

080.4° 

389.8° 

81g  Aap 

80  .8 

190.0 

- 

42.4 

67.0 

3 

4 

- 

1 

0 

OF  2 

Tina 

2004(42.030 

2010(87.(10 

- 

- 

- 

Ai lauth 

78.0° 

78.0° 

- 

- 

- 

•i  g  «ap 

40.8 

148.0 

- 

- 

- 

3 

1 

- 

- 

- 

OF  1 

Tlaa 

200  2  (  42. (08 

>010(87.041 

2017(44.807 

2010(88.(84 

At  lauth 

100.20 

1(0.8° 

141  .1° 

1(8.2° 

180.0° 

■  l|  tap 

(0.2 

137.0 

1(0.4 

8(1.1 

2(2.2 

1 


I 


4 


I 


8 
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T  •  b  l  •  3.  -  Dl  nctl  or.  finder  boring  if  r  or  (in  dagr  no  )  for  t  h  •  triggered  fleehee. 


□fraction  Pindar 

F  l  a  ah 

F  l  a  a  h 

F  l  a  ah 

F  la  ah 

Fla  ah 

Mean 

1 

2 

3 

4 

5 

Error 

OF  1 

0.4 

-0  .2 

- 

0  .2 

0  .3 

0.28 

(0.10) 

OF  2 

-0  .2 

-0  .2 

0  .  20 

(0) 

OF  3 

0  .7 

0  .  7 

1  .9 

-1  .0 

-0  .2 

0  .80 
t  0  .83  ) 

the  eitee.  The  naan  beering  error  (determined  uelng 
the  ebeolute  velue  of  the  aeeeurad  baarl'ige)  far  the 
11  direction  finder  eeeeureaente  ie  0.5E  degreee  atth 
a  etenderd  deviation  of  0.53  degroaa.  Thaaa  arrora 
era  eubet a nt < e l ly  leaa  then  the  1  etenderd  deviation 
error  of  1.8**  neeaurad  by  Krldar  at  al.  ( 1 97  8 ) t 
although  Krider  did  report  that  the  ground  truth 
technique  included  an  aatinatad  error  of 
epproaiaetaly  _♦  1°  ao  that  the  direction  flndere 

could  have  actually  performed  aoaaahat  batter  in  that 
teat. 

It  la  intaraetlng  to  note  that  the  aaan  bearing 
error  of  direction  rindar  3  ia  epproaiaetaly  taica 
that  obaarvad  from  either  direction  findara  1  or  8. 
Me  believe  thia  direction  finder  aahibita  alightly 
larger  bearing  arrora  than  the  othar  direction 
rindare  baceuae  it  ie  located  only  12.8  ka  froa  the 
trigger  ei  ta  coopered  to  the  55.4  and  88.1  ka  rengae 
or  the  other  2  eitee.  Ae  ehoan  by  Uaan  at  el. 
(1880),  magnetic  direction  rindare  or  the  type  ueed 
et  KSC  are  likely  to  eihibit  larger  bearing  arrora  on 
cloee  lightning  due  to  poleritation  effecte  froa 
lightning  channelo  ahich  era  not  aeectly  vertical. 
In  rect,  Uoen'e  aatiaeta  of  the  poleritation 
component  of  the  direction  rindar  bearing  arrora  ere 
in  elaoet  eiect  egreeaent  atth  the  obeerved  beering 
errore  oe  the  triggered  lightning  rieehee.  Not  oely 
doee  thte  tend  to  confirm  Uaen'e  eelcuetioee,  but  it 
ie  etrong  evidence  thet  poleritetion  effecte  froa 
non-vertioel  channel  aourcee  ere  the  deaineet  eouree 
or  reedoa  error  ie  aegnetic  direction  Modern  of  the 
type  ueed  here. 

4.8  Trieeguleted  lightning  Strike  looetione 

The  poeitioet  of  the  4  triggered  rieehee  ahioh 
aere  deteoted  eiaul teoeauely  by  2  or  aore  direotion 
f lading  etetioee  eera  eelueleted  by  t rl eegule tl oe  et 
the  poeition  eeelyter  in  real-time.  Theee  looetione 
ere  ohooo  reletive  te  the  triggering  eite  Ie  Figure 
8.  aioee  flaahee  1  mod  t  earn  detected  by  ell  8 
direotteo  Madera,  8  peel  It  ee  eoluttooa  are  peeeibla 
eod  eeoh  ere  ohoao.  Flaahee  4  eed  5  aere  only 
deteoted  by  t  direction  fiedere  an  eely  e  eiegle 
peel  tine  selutioe  ie  diapleyed. 

Ie  oeeee  chare  8  ar  aara  direotteo  Madera 
reepeod  ta  eey  lightotog  rieeh,  eeverel  alightly 
differed  peeilleo  eelntieee  ere  peeeibla  etaoe  eeoh 
oeebtoettee  or  t  dtreetteo  Madera  yloldo  a  unique 
1 etereeoti eo.  The  peeitiee  reelyier  ie  pregreaaad  ta 
uaa  the  pair  ef  dl'soltee  Madera  ehloh  yield  the 
letereoatieo  having  tie  higheet  prabebility  ar  beiag 
nearaet  ta  the  eetuel  lighteieg  etrike  leoetteee 


(Meier  et  el.,  1884).  Other  aore  elaborate 
procedurea  for  determining  the  optlaua  location  of  a 
lightning  fleeh  uelng  aultiple  direotion  finder 
beeringe  have  been  developed  but  have  not  been 
tapleae nted  in  the  rnel-tlae  eyetea  ee  yet  (Hlecoe  at 
el. ,  1  884)  . 

The  horizontal  dletence  betaeen  the  rocket 
trigger  eite  end  the  reel-tine  looetlon  determined  by 
the  poeition  analyzer  beeod  on  ite  (election  of  the 
beet  2  direction  finder  1  ntereecti  one  ranged  froa  195 
to  770  a  at  th  a  Been  485  a. 

The  3  poeition  eolutlone  ehoan  f or  both  rieehee 
1  end  2  ere  calculated  uelng  the  3  ante  of  2 
direction  finder  beeringe  available  for  each  rieeh. 
Accureoy  trlenglne  are  drean  for  each  rieeh  atth  the 
3  poeition  tolutloee  eervlng  ee  vertlcee.  The  eite 
of  theee  accuracy  trtenglee  ere  e  ueeful  naeeure  of 
the  probable  accuracy  of  the  lightning  poeition 
eolutlon  Offered  bv  the  poeition  analyzer.  For 
eienple,  in  flenh  1  the  poeition  analyzer  eolutton 


aw  aai  aw  aw  aw  aw  aai  aw  aai 

iMi’uM 

Figure  8.  -  Triangulated  leoelieoe  ef  the  4  triggered 
lightning  fleehee.  Aooureoy  trleegleo  ere  dreao  far 
ell  three  ietereeottaee  in  rieehee  1  eed  2  eleoe  ell 
8  direction  fiedere  reepeeded  Ie  theee  8  oeeee.  Oely 
eiagle  Mean  available  far  fleehee  4  eed  5. 
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Tabic  4.  -  Eatlaatad  Peak  Currant  (In  klloaaparea)  for  the 
triggered  flaahaa,  Aatarlaka  denote  flrat  detected  etrokea. 


OIRECTION  FINOER 

FLASH  1 

FLASH  2 

FLASH  3 

FLASH  4 

FLASH  5 

OF 

1 

1  B  .  7 
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- 

15.7 

24  .  B 

DF 

2 

10.7 

0  7.3* 

- 

- 

- 

OF 

3 

7.0* 

11.5 

IB  .7 

30  .4* 

24.6* 

tntaraactlon  uhlch  la  a  pproxl  uata  ly  770  a  free  the 
triggered  lightning  etrl  ka  location.  In  flaah  2,  the 
poeltlon  analyzer  aolutton  aaa  baaed  on  the  direction 
finder  2  and  3  intaraectlon  about  4G0  a  froa  the 
triggered  lightning  atrlka  location.  In  both  cneea, 
the  alza  (length  of  the  eldaa]  of  the  accuracy 
trlenglaa  la  approzt ae ta ly  the  aaaa  aa  the  poeltlon 
error  of  tha  rael-tlaa  aolutlona,  Thua,  tha  alza  of 
tha  accuracy  trlanglaa  appeara  to  provide  a  good 
firat-ardar  aatlaata  of  tha  uncertainty  of  tha 
raal-tlaa  poeltlon  aolutlona  dataralnad  by  tha 
lightning  locating  ayatau. 

4.4  Paak  Currant  Eetlaataa 

Aa  aantlonad  aarlter,  tha  direction  flndara  alao 
■aaaurad  tha  paak  aagnntlc  field  of  tha  flrat 
datactad  return  atroka  of  each  flaah.  Since  tha 
abaoluta  calibration  of  tha  algnal  amplitude 
■  aaauraaant  clrculta  In  tha  direction  flndara  are 
knoan  alth  aoaa  certainty,  tha  paak  currant  of  tha 
flrat  datactad  atroka  can  ba  aatlaatad  ualng  an 
appropriate  aodal  ahlch  ralataa  paak  aaaaurad 
aegnetlc  field  Intanalty  to  paak  currant.  Hare  aa 
uaa  tha  tranaalaalon  llna  aodrl  of  Lin  at  al,  1 1 900 1 
end  a  return  atroka  velocity  nf  1  i  10  a/a,  Tha 
aodal  la  Incorporated  Into  tha  poeltlon  analyzer  and 
prlnta  tha  aatlaatad  paak  currant  in  klleaaparaa  for 
arch  flaah, 

Tha  accuracy  of  thla  paak  currant  aatlaatfon 
technique  In  not  aall  knoan,  Errora  can  raault  froa 
unca r tal nt l o a  In  tha  abaoluta  oallbratlon  of  tha 
dlroctlon  finder,  direction  flndar  digitization 
arrorr,  data  tranaalaalon  errora,  unca r ta l nt I aa  of 
tha  tranaalaalon  llna  aodal  Itaelf  and  arrora  In  tha 
aatlaata  of  tha  lightning  return  atroka  velocity.  To 
Judge  tha  poaalbla  alza  of  thaaa  arrora  In  a 
collective  oanac,  aa  have  tabulated  tha  aatlaatad 
paak  currant  for  all  natural  lightning  flaahaa 
datactad  by  all  three  direction  flndara  during  atom 
C  althln  12  ka  of  tha  rocket  triggering  al  ta  (Figure 
SI.  Tha  aaapla  Includea  222  aaaauraaanta  of  ahlch 
all  (or  aoat)  are  praauaad  ta  ba  flrat  atrokaa  of  tha 
flaah,  Tha  aadlan  aatlaatad  paak  currant  la  found  to 
bo  38  kA  ahloh  la  althln  _*  203  af  tha  generally 

acoaptod  aadlan  rirat  atroka  paak  currant  for  natural 
cl  oud-to-ground  lightning  flcahaa  (Andaraon  and 
Erlkeeon,  1(10). 

The  aatlaatad  paak  ourranta  for  tha  rocket 
triggered  lightning  flaohaa  arc  given  In  Table  4.  Aa 
aantlonad  earlier,  tha  flrat  atrokaa  datactad  by  all 
dlraotlon  flndara  for  tha  five  triggered  flaahaa  aora 
different  atrokaa  alth  tha  exception  of  flaah  2  far 
ahloh  both  dlraotlon  flndar  1  and  2  datactad  tha  aoaa 
atroka  (2010167. 108-010) .  for  thla  atroka,  dlrectlen 
Under  1  reported  on  aatlaatad  peak  currant  of  73.7 
kA  and  direction  finder  2  an  aatlaatad  paak  aurront 
of  37,3  kA,  Thaaa  too  aaaauraaanta  agree  althln  108 
ahlch  la  about  half  of  tha  aatlaatad  error  af  aur 


With  tha  exception  of  tha  direction  flndar  1  and 
2  aaaauraaanta  on  flaah  2,  all  of  tha  other  aatlaatad 
paak  curranta  aru  laaa  than  tha  aadlan  paak  currant 
ror  natural  lightning  In  atom  C  of  35  KA.  In  fact, 
aoaa  of  tha  paak  curranta  are  rather  eaall  [7-15  kA) 
ahlch  la  In  general  agraaaant  alth  tha  earlier  direct 
aaaauraaanta  of  tha  paak  currant  of  rocket  triggered 
1 1 gh  tnl ng  f l aahaa. 


ESTIMATED  PEAK  CUAKINT  KA 

Figure  S,  -  Eatlaatad  paak  curranta  for  all  natural 
lightning  flrat  atrokaa  datactad  althln  12  ka  of  tha 
rocket  trigger  al  ta  during  atom  C1  . 

5.  OVERALL  LIGHTNING  LOCATING  SYSTEM  ACCURACY 

Tha  poeltlon  accuracy  of  the  lightning  locating 
ayataa  throughout  It*  entire  operating  area  can  ba 
aatlaatad  knoelng  that  tha  direction  flndara  jxhlblt 
a  aaan  bearing  error  on  lightning  of  ♦  0.8-0.8  ualng 
a  technique  alallar  to  the',  of  Btanaflald  (  1  047). 

Figure  7  ahoaa  an  array  of  elllpeee  ahlch 
ancloaa  tha  aatlaatad  one  atandard  deviation  location 
error  for  lightning  flaahaa  datactad  by  tha  Kennedy 
Spaoa  Canter  lightning  locating  ayataa  throughout 
control  Florida  (an  area  ahlch  la  about  talca  tha 
nealnal  operating  range  of  thla  particular  ayataa). 
Thaaa  alllpeee  aara  ganaratvd  aaaualng  tha  atandard 
deviation  of  tha  bearing  arror  froa  each  direction 
flndar  aara  0.3**  *"3  aara  oonatant  alth  range. 

Tha  0.8°  atandard  deviation  uaed  to  generate  tha 
arrar  elllpeee  ehoan  In  Figure  7  la  ollghtly  larger 
than  tha  0.8-0. 3°  atandard  deviation  aaeaurod  on  tha 
trlggarud  lightning.  Tha  larger  atandard  deviation 
aaa  uaad  to  oaapaoaoto  for  tha  ollghtly  larger 
baarlnp  arrara  obaarvad  on  lightning  eloaa  to  tha 
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nornal  ly  dlatrlbuted  direction  flndar  arror  having  a 
atandard  davlatlon  of  0.9  . 


dlractlon  flndar  atatlona  and  unca r t al  nt  1  aa  In  tha 
lang-tara  eteblllty  of  tha  allgnaant  of  tha  dlractlon 
finding  antannaa.  Thua.  tha  arror  alllpaaa  praaantad 
In  Figure  7  ara  conaarvatlva  In  tha  aanaa  that  they 
ara  largar  than  aould  ba  aipactad  glyan  tha  actual 
parforaanca  of  tha  dlractlon  flndara  an  tha  5 
trlggarad  lightning  ayanta  raportad  above. 

Inalda  tha  trlangla  foraad  by  tha  3  dlractlon 
flndara  uhlch  fora  tha  Kennedy  Spaca  Cantar  Nataork, 
tha  lightning  locating  ayataa  arrara  ara  quite  aaall 
and  baalcally  circular  In  ahapa  (Flgura  7|.  Outalda 
tha  trlangla,  tha  arrora  gradually  changa  froa 
circular  to  alltptlcal  and  tncraaaa  In  alia.  Tha 
alllptlclty  of  tha  locotlng  ayotoa  poaitlon  arrora 
Incraaaaa  olth  ranga  particularly  along  tha  thraa 
baaallnaa  foraad  by  tha  dlractlon  flndar  polro.  Thlo 
offact  la  duo  to  aooll  randoa  dlractlon  flndor  arrora 
ahlch  produce  largar  poaitlon  arrora  ahon  tha 
dlrootlon  flndar  buerlnge  Intaraact  at  a  aaall  angle. 

We  heva  quantified  tha  looatlng  ayataa  arrora  by 
generating  a  plot  of  tho  one  atandard  davlatlon 
poaitlon  orror  laoplatho  throughout  control  Florldo 
(Flgura  g),  lacauaa  of  tho  allptlcal  natura  of  tho 
looatlng  ayotoa  arrora,  tho  poaitlon  error  laoplatho 
oro  half  tho  laagth  of  tha  aojor  oiio  of  tho  arror 
alllpoo.  Thua,  thlo  la  tho  lorgaot  poaitlon  orror 


etod  lot  tha  ono  otoadord  deviation  lovol) 


given 

location  th rough  out  tha  nataark. 

Ty  pi ool 

alll  ka  oaoilar  than 

thoao  ahonn 

1  n 

•oat 

C9  •••. 

Within  40-80  ka  of  tho 

cantor  of 

tha 

KBC 

Llghtnl 

ng  Loootlng  Byotoa  (on  o 

roo  ohloh  Incl 

ludo  i 

■  tho 

Bpoaa 

Contor  1 toolf) ,  tho 

poaitlon  orroro 

ara 

gonorol  ly  clroularalth  o  1  otoadord  davlatlon  rodluo 
of  1,0  ho  or  looo.  Ae  aepoctod,  thoao  arroro  ora  In 
good  ogroaaont  olth  tho  diroot  aoaouraaonto  on  tho 
triggered  lightning  oo  roportod  earlier.  In  foot.  If 
o  1  atandard  deviation  dlrootlon  flndor  booring  orror 
of  0.S-0.8”  ooro  uood  Inataod  of  tho  0.8“  voluo,  tho 


ayataa  poaitlon  orrora  ovar  ond  naar  tha  Spoca  Cantar 
aould  bo  In  tho  SOD  o  range,  o  voluo  ahlch  agroaa 
vory  cloaoly  alth  tho  aaoourod  aeon  horizontal  orror 
oboorvod  on  tha  4  trlggorad  flaahoa  dotoctod  In 
raol-tloo  by  tho  Lightning  Locotlng  8yotau, 

Tha  aoalaua  locotlng  ayotoa  orroro  Incrooaa  alth 
rongo  prlaorlly  due  to  tho  Incroaolng  alllptlclty  of 
tha  lightning  location  fleee.  Within  9  baoallno 
longtho  (roughly  120  ka)  tho  lorgoot  orroro  oro  no 
ooroo  than  10  ka  ,  ond  oro  B  ka  or  looo  ahoro  the 
lightning  floohoo  occur  roughly  porpondl  oul or  to  any 
of  tho  3  direction  flndar  baaallnaa.  Batter  locating 
accuracy  at  longer  rangaa  can  ba  obtained  by 
Increeolng  tha  direction  flndar  baaallnaa  at  tha 
aipanaa  of  loootlng  occurocy  Inalda  tha  nataork. 

B.  SUMMARY 

The  rocket  triggered  lightning  fleihee  during 
the  euauer  of  1184  oara  auocaaafully  detected  by  tha 
oporotlonel  lightning  looatlng  ayataa  at  tha  Kennedy 
Spaoo  Cantar,  Thte  lightning  looatlng  oyatao  la 
noraelly  uoad  to  holp  dotoot,  loooto,  and  aorn  of 
lightning  hoiardo  ohloh  night  lapoot  Spoon  Contor 
oporotlono.  Tho  Lightning  Locotlng  Byotoa  dote 
provided  o  unique  opportunity  to  bettor  undorotand 
aoa  o  of  tho  ohorootorl  otl  oo  of  tho  triggered 
lightning  floohoo  ond  ot  tho  oooo  tine  ovoluoto  tho 
ovoroll  porfomonoo  of  tho  lightning  loootlng  ayotoa 
ttoolf.  Boao  of  tho  olgnlfloont  flndlngo  baaed  oh 
tho  onolyolo  of  tho  B  triggered  lightning  ovonto 
Inoludoi 

1.  Tho  dlrootlon  flndoro,  ohloh  aoro  daolgnad 
to  dotoot  natural  lightning  return  otrokoo,  dotootod 
ot  looot  t  and  oo  oony  oo  B  return  otrokoo  In  S  of 
tho  B  trlggorad  lightning  floohoo.  No  otrokoo  ooro 
dotootod  froa  tho  oleth  fiaoh.  Thua,  ot  looot  >  ond 
oo  aony  oo  B  otrokoo  In  oeoh  of  tho  loot  8  trlggorad 
floohoo  hod  olgnol  oaplltudo  ond  oovaohopo 
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che r ee t r r 1 et 1 ce  typical  nr  natural  lightning. 

2.  Four  of  tha  9  triggarad  lightning  flaohaa 
aara  datactad  by  2  or  aora  of  tha  diroction  finding 
atationa  and  aaro  aubaaquantly  locatad  by 
t r  i  angul at i on  for  a  ayataa  dataction  afficiancy  of 
0.67,  Thia  ia  alightly  laaa  than  tha  0.84  dataction 
afficianoy  aaaaurad  aarliar  for  tha  aaao  lightning 
locating  ayataa  on  natural  lightning  ( J oh naon ,1 8 80) . 
Alao,  tha  flrat  atrokaa  datactad  by  tha  locating 
ayataa  for  at  laaat  3  of  tha  flaahaa  folloaad  tha 
firat  atroka  aaan  on  tha  vldao  racorda  by  285  to  39D 
aa.  Thua,  not  all  of  tha  atrokaa  producad  by  tha 
triggarad  lightning  had  aignal  aaplltuda  and 
aavaahapa  charactari  atl  ca  typical  of  natural 
lightning  and  aara  not  datactad  by  tha  locating 
ayataa,  Thara  ia  aoaa  indication  that  thaaa  atypical 
atrokaa  occur  aarliar  in  tha  flaah  rathar  than  latar, 

3.  Ha  aatlaata  that  tha  paak  curronta  producad 
by  tha  flrat  datactad  atrokaa  of  tha  triggarad 
flaahaa  had  a  ranga  of  fro*  25-71  kA.  Tha  latar 
atrokaa  had  an  aetiaetad  paak  currant  ranga  of  fro* 
7-24  kA.  Tha  aedten  firat  atroka  paak  curranta  for 
natural  lightning  during  thia  atora  aaa  35  kA.  Tha 
paak  curranta  ara  aatiaatad  to  ba  accurata  to  aithin 
1 0-205 . 

4.  Tha  ovarall  aioi  jtlon  of  tha  atoraa  on 

Auguat  17,  1964  naar  tha  Spaca  Cantar  aara  aall 

dapictad  by  tha  oparational  lightning  locating 
ayataa.  Tha  triggarad  lightning  flaahaa  occurrad 
lata  In  tha  llfacyola  of  ona  of  tha  longaat  llvad, 
atrongaat  atoraa  datactad  that  day.  Thia  and  anothar 
atrong  atora  foraad  and  graa  In  a  narroa  north-aouth 
band  along  tha  Atlantic  coaat  in  an  araa  of  praauaad 
atrong  aaabraaia  convarganca,  Tha  conaiatant  pattarn 
of  naa  atora  (or  call)  davalopaant  or  aotion 
aouthaard  along  tha  coaat  and  aouthaa  ataard  inland 
during  tha  couraa  of  tha  afternoon  la  further 
evidence  of  tha  utility  of  raal-tiaa  lightning 

locating  ayataaa  aa  an  aid  to  tha  iapravad  ahort  tara 
earning  of  lightning  and  thundaratora  haiarda. 

5.  Tha  direction  findara  exhibited  a  aaan 
baarlng  error  of  0.55°  (atandard  deviation  or  0.53° 
on  11  aaaauraaanta )  on  tha  triggarad  lightning 
flaahaa.  Tha  baarlng  arrora  aara  alightly  larger 
ahan  tha  direction  findar  aaa  cloaar  to  tha 
lightning,  p*aauaabla  dua  to  polarization  affacta 
froa  non-vartical  channel  aagaanta, 

6.  Tha  looationa  of  tha  triggered  lightning 

flaahaa  coaputad  in  raal-tiaa  by  t  ri  angula  ti  on  froa  2 
or  aora  of  tha  diraction  rinding  atationa  aara  in  tha 
ranga  of  195  to  770  a  froa  tha  rockat  launch  aita. 

Tha  aaan  error  aaa  480  a,  Thaaa  poaitlon  arrora  ara 

in  excellent  agraaaant  aith  tha  axpactad  arrora  for  a 
diraotion  finding  nataork  having  a  aanaor 
configuration  Ilka  that  uaad  at  tha  Space  Cantar  aith 
direction  findar  bearing  accuracy  in  tha  ranga  of 
3. 5-0. 8  dagraaa, 

Seceuae  of  tha  relatively  aaall  nuabar  of  rockat 
triggered  lightning  riaehea  upon  ahich  thaaa  raaulta 
ara  baaed,  aa  adviaa  oeutlon  ahan  draaing  any  fira 
oonoluaiona  froa  the  above  obaa  rva  ti  ona.  Moaavar, 
additional  roskat  triggarad  lightning  eiperlaento  at 
tha  Spaca  Cantar  ara  daairabla  in  order  to  tncraaaa 
tha  nuabar  of  aaaauraaanta  aa  that  thaaa  initial 
raaulta  can  ba  eonfiraad.  It  aould  alao  ba  daairabla 
to  launch  tha  triggering  rockata  at  aavaral  other 
locationa  aithin  tha  operating  ranga  of  tha  looetlng 
ayataa  to  laarn  aara  about  tha  affaota  of  ranga  on 
diraction  findar  aoouracy  and  to  oenfire  tha  avarelt 
ayataa  acouraoy  plota  given  in  Figuraa  7  and  8. 
Finally,  tha  lightning  triggering  ocpobllity  appaara 
to  offar  an  oxoollont  opportunity  ta  teat  tha 
acourocy  and  reliability  of  naa  lightning  locating 
ayataaa  and  teohniauee  ahiah  aay  ba  davalopad. 
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Abstract  -  LPATS  -  the  Lightning  Position  and  Tracking  System  -  is  an  operationally  deployed  lightning 
ground  strike  detection  network  that  utilizes  a  time-of-arrival  (TOA)  technioue.  Atmospheric  convective 
phenomena  can  be  monitored  in  real-time  from  the  mesoscale  (10  km  or  less)  to  the  subsynoptic  scale 
(over  1000  km  across).  Theoretical  estimates  of  locational  accuracy  suggest  mean  errors  on  the  order  of 
100  m  near  the  network  center,  slowly  degrading  to  several  thousand  meters  at  distances  beyond  800  km 
range.  Numerous  ir.direct  indications  suggest  a  slow  fall-off  of  detection  efficiency  with  range.  The 
first  LPATS  network  became  operational  over  the  Florida  peninsula  in  July,  1982.  Two  additional  civi¬ 
lian  subscription-funded  networks  have  been  added  in  the  ensuing  two  years.  In  addition  to  the  mili¬ 
tary,  LPATS  data  are  employed  by  utilities,  private  meteorological  firms,  industrial  organizations,  and 
commercial  broadcasting  stations.  LPATS  data  have  undergone  intensive  meteorological  analysis.  It  has 
become  apparent  that  lightning  occurs  in  highly  organized  patterns  more  often  than  as  randomized  events 
embedded  within  storms.  A  series  of  case  studies  will  be  presented  showing  the  patterns  documented  to 
date.  At  times,  lightning  ground  strokes  appear  to  be  concentrated  within  relatively  small  "generating 
cells",  most  likely  associated  with  active  updraft  cores.  At  the  other  extreme  of  convective  systems, 
lightning  associated  with  a  mesoscale  convective  complex  (MCC)  appeared  to  be  highly  organized, 
advancing  almost  as  a  solid  "wall"  associated  with  the  gust  front  that  characterizes  the  leading  edge  of 
Such  systems.  Observations  of  Hurricane  Diana  revealed  a  well  defined  banded  structure.  More 
interestingly,  a  lightning  generating  cell  was  observed  to  rotate  about  the  eye  wall.  Observations  of 
winter  lightning  associated  with  snow  storms  in  the  Upper  Midwest  are  detailed.  Thunderstorms  forming 
along  a  stationary  front  extending  from  Nebraska  to  Wisconsin  produced  over  31,500  strokes  in  4  hours  in 
a  narrow  corridor. 


I  -  INTRODUCTION 

Lightning  and  atmospheric  electrical  phenomena  have 
been  investigated  using  a  wide  variety  of  sensors  and 
platforms.  In  addition  to  acoustic  and  optical  stu¬ 
dies,  storm  electricity  has  been  monitored  using  devi¬ 
ces  ranging  from  relatively  simple  flash  counters 
(Anderson,  et  al,  1979)  to  spherics  monitors  (Kohl, 
’980),  to  VHF  interferometric  techniques  (Proctor, 
1980;  Hayenga  and  Warwick,  1981).  Lightning  has  been 
observed  via  conventional  radar  (Ligda,  1956;  Mazur 
and  Rust,  1983).  Even  before  the  possible  deployment 
of  a  lightning  mapping  satellite  (Christensen,  et  al, 
1980),  lightning  has  been  studied  from  above  using 
aircraft  (Christian,  et  al ,  1983),  the  0M$P  polar 
orbiting  satellite  (Orville,  1983),  and  the  Space 
Shuttle  (Vonnegut,  et  al,  1985). 

For  the  operational  location  of  lightning  cloud-to- 
ground  (CG)  strokes,  however,  there  are  essentially 
two  accceptable  approaches;  1)  magnetic  direction 
finding  (MDF)  (Krider,  et  al,  1976),  and  2)  time-of- 
arrival  (TOA)  (Bent,  et  al,  1983).  The  M0F  technique 
has  been  in  widespread  operational  use  since  the  late 
1970s  (Orville,  et  al,  1983).  While  it  certainly 
represents  a  ma.juf  advance  over  the  highly  limited 
lightning  detection  capabilities  of  past  systems,  MDF 
systems  are  subject  to  problems  of  site  errors  due  to 
1)  maintaining  exact  antenna  orientation,  and  2)  the 
presence  of  metal  in  buildings,  buried  cables,  and 
other  similiar  obstacles  (Horner,  1954;  Oarvei.lza  and 
Uman,  1983;  Mach,  1984;  Hiscox,  et  al,  1984).  As 
noted  by  Pierce  (1982),  a  time-of-arrival  (TOA)  tech¬ 
nique  is  by  far  the  most  accurate  way  of  fixing  the 
source  of  an  individual  spheric,  if  an  Interstation 
timing  of  at  least  10  Microseconds  can  be  attained. 


The  dramatic  revolution  in  microelectronics  has 
resulted  in  the  availability  of  low  cost  receivers  for 
easily  available  timing  signals  (such  as  L0RAN-C), 
obviating  the  need  for  such  expensive  timing  sources 
as  atomic  clocks.  A  four  station  prototype  TOA  net¬ 
work  was  designed  by  Atlantic  Scientific  Corporation 
and  established  over  the  Florida  peninsula  in  the 
spring  of  1982.  Earlier  papers  by  Bent,  et  al  (1983; 
1984),  and  Lyons  and  Bent  (1983)  have  described  the 
basic  system  operations  and  presented  initial  examples 
of  data  collected  by  the  network.  At  this  writing, 
there  are  either  operating  or  under  installation  three 


Fig.  1.  Coverage  area  for  the  three  civilian  LPATS 
networks  operating  in  the  United  States:  the  Florida, 
Upper  M'dwest,  and  West  Gulf. 
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civilian  networks  covering  portions  of  over  20  states 
in  the  eastern  U.S.  (Fig.  1).  This  paper  will  sum¬ 
marize  the  techniques  that  are  currently  being  employed 
to  display  and  interact  with  this  newly  available  data 
base,  as  well  as  present  representative  case  studies 
obtained  from  operational  networks.  At  this  time, 
there  are  approximately  two  dozen  on-line  users  for 
LPATS  data  including  television  and  radio  stations, 
utilities,  military  bases,  and  industrial  facilities. 

II  -  PRINCIPLE  OF  OPERATION 

A  TOA  Lightning  Position  and  Tracking  System  network 
consists  of  three  to  six  antennas,  each  connected  by  a 
dedicated  full  duplex  data  link  to  a  central  analyzer 
(CA)  (Fig.  2).  At  each  antenna  site,  there  are  two 
simple  whip  antennas  (1.2  to  5.0  meters  in  height). 
One  antenna  receives  LORAN-C  signals,  while  the  second 
monitors  the  electric  field.  These  have  no  special 
siting  requirements  and  can  be  placed  in  the  vicinity 
of  metal  objects,  other  conductors,  or  atop  conven¬ 
tional  buildings.  No  alignment  checks  or  frequent 
periodic  maintenance  are  necessary.  The  electronics 
at  each  site  include  a  lightning  strike  detector  and  a 
timing  signal  generator  sychronized  to  within  a  few 
hundred  nanoseconds  of  the  output  of  the  timing  signal 
generator  at  each  of  the  other  respective  locations. 
Electric  field  measurements  in  the  2  to  500  KHz  (3  dB) 
range  are  sampled  rontinuously.  The  timing  of  the 
peak  of  the  CG  wave  form  is  ascertained  within  a  few 
hundred  nanoseconds.  A  minimum  of  three  stations  must 
detect  the  CG  strike  in  order  for  a  location  to  be 
calculated.  For  a  three  station  solution,  the  central 
analyzer  solves  the  complex  spherical  hyperbolic 
explicit  non-lnterative  equations  necessary  for  stroke 
location.  The  data  are  output  in  latitude  and  longi¬ 
tude  coordinates.  Custom  built  hardware  allows  for 
extremely  fast  hardware  trigonometric  calculations. 
LPATS  can  monitor  individual  return  strokes  in  a 
multiple  lightning  flash  only  15  milliseconds  apart, 
discriminating  more  than  50  strokes  per  second  (a  rate 


Fig.  2.  The  LPATS  system  consists  of  three  or  four 
remote  receivers  that  monitor  lighting  stroke  charac¬ 
teristics  over  a  wideband  frequency  range.  Each 
receiver  obtains  the  data  from  a  small  vertical 
antenna.  Waveform  analysis  is  performed  in  the 
receivers  and  pertinent  information  is  passed  over 
telephone  or  microwave  links  to  a  central  analyzer. 
The  central  analyzer  then  computes  the  strike  loca¬ 
tion.  This  Information  is  time  tagged  and  made 
available  to  several  output  ports  for  communication  to 
a  monitor. 


unlikely  to  be  approached  in  nature).  When  all  four 
stations  detect  the  CG  stroke,  the  algorithm  for 
determining  the  location  of  the  ground  strike  is 
reduced  to  a  set  of  linear  equations.  The  nominal 
time  for  locating  a  strike  and  displaying  it  on  the 
video  monitor  is  0.3  seconds. 

The  precise  timing  requirements  for  TOA  systems  can  be 
met  by  using  the  LORAN-C  navigation  signal  which  is 
available  over  much  of  North  America  and  indeed,  over 
large  portions  of  the  globe.  Only  the  ground  wave 
portion  from  a  single  station  of  the  LORAN-C  signal  is 
utilized.  The  sky  wave  siqnal  rejection  is 
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Fig.  3.  (left)  Computed  mean  locational  error  for 
three  station  LPATS  configuration  (black  dots)  with  a 
80  nm  (150  km)  east  west  baseline;  (right)  for  a  180 
nm  (333  km)  east  west  baseline.  Calculations  assume 
40  strokes  per  cell,  with  random  errors  of  +/-  1000 
nanoseconds.  Error  code:  0  =  less  than  925  m,  1  * 
926  to  1850  m,  2  =  1851  to  2775  m,  3  =  2776  m  or  more. 
Domain  size  is  370  km  on  a  side,  or  136,900  km?. 
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Fig.  4.  Mean  CG  strike  location  error  under  worst 
case  conditions,  for  a  four  station  LPATS  network, 
using  the  three  station  solution,  and  a  square  form 
network  with  180  km  baseline.  The  inner  isopleth  is 
the  750  m  mean  error,  with  outer  isopleths  being  about 
1500,  3000,  and  4500  m  respectively. 
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accomplished  within  the  receiver  electronics.  While 
the  LORAN-C  signals  may  not  always  be  reliable  for 
navigation  in  many  areas,  it  must  be  emphasized  that 
LPATS  does  not  use  LORAN-C  for  navigation.  Only  the 
signal  from  one  station  in  a  chain  need  be  acquired. 
Over  water  reception  can  be  at  ranges  up  to  2600  km 
and  over  land  about  2200  km.  The  availability  of  the 
LORAN-C  signal  is  in  fact  inconsequential.  In  those 
cases  where  a  timing  signal  is  unavailable  from  a 
single  LORAN-C  station,  additional  LPATS  equipment  is 
offered  which  will  generate  or  receive  timing  from 
other  sources,  as  is  done  for  the  Electricity  Supply 
Commission  (ESCOM)  of  the  Republic  of  South  Africa. 

A  typical  LPATS  network  might  have  a  150  to  350  km 
baseline.  Experience  has  shown  that  the  thunderstorm 
detection  capability  of  an  LPATS  network  covers  an 
area  with  a  radius  four  or  more  times  the  baseline. 
Short  baseline  systems  are  essentially  as  accurate  as 
long  baseline  networks  near  their  center,  but  have  a 
diminished  operative  range.  The  impact  of  increasing 
the  baseline  from  about  150  km  to  333  km  is  shown  in 
Fig.  3.  The  area  of  high  locational  accuracy  (better 
than  925  m  average  error)  greatly  expands  as  the  base¬ 
line  Increases,  rather  contrary  to  what  might  be  ini¬ 
tially  expected.  Naturally,  base  lines  cannot  be 
increased  ad  infinitum  due  to  diminishing  network 
detection  efficiency.  Tt  should  be  noted  that  if  com¬ 
munication  to  the  CA  via  land  lines  is  not  practical, 
a  short  baseline  system,  on  the  order  of  10-40  km,  can 
be  installed  and  operated  using  radio  or  other  com¬ 
munication  channels. 

Ill  -  THE  VIDEO  INFORMATION  SYSTEM  (VIS) 

LPATS  users  in  the  U.S.  do  not  need  to  purchase,  main¬ 
tain,  or  operate  a  lightning  detection  network.  At 
this  time,  the  most  commonly  used  device  to  acquire 
LPATS  data  is  the  Video  Information  System  (VIS).  The 
VIS  consists  of  a  color  monitor,  keyboard,  and  special 
purpose  microcomputer.  The  VIS  contains  pre¬ 
programmed  geographical  maps  of  the  network  and  has 
the  capacity  to  store  a  minimum  of  3000  lightning 
strokes  (time,  latitude,  longitude,  stroke  polarity) 
in  addition  to  the  map  features.  All  pre-programmed 
software  is  retained  in  non-volatile  memory  so  that 
when  a  power  outage  occurs,  no  software  reloading  is 
required.  Typically,  a  seven  color  RGB-TTL  monitor 
(512  x  480)  Is  used  to  depict  both  lightning  stroke 
and  base  map  features. 

Users  may  access  LPATS  data  in  several  ways:  1)  dedi¬ 
cated  full  duplex  telephone  lines  (3002  conditioning) 
to  either  the  network  central  analyzer  or  to  an 
antenna  site  which  Is  equipped  with  a  communications 
multiplexer,  2)  on  a  dial-up  basis  Into  the  central 
analyzer,  using  either  a  dedicated  or  contended  port, 
or  3)  by  satellite  communications  to  the  user's  own 
low  cost  earth  station. 

Oata  can  be  acquired  In  much  the  same  manner  as  from 
color  remote  dial-up  radar  systems.  There  is  an 
important  difference,  however.  When  interrogating  a 
radar,  only  current  information  may  be  acquired.  The 
LPATS  CA  stores  at  least  the  last  3000  lightning  stro¬ 
kes  (augmen table  to  50,000)  so  that  the  user  may 
obtain  a  history  of  the  recent  network  lightning 
strokes. 

The  VIS  display  has  many  useful  characteristics. 
Included  among  these  are:  1)  keyboard  selectabi lity 
of  the  shape  and  color  of  the  lightning  stroke  pixel 
and  line  width  of  the  geographical  map  background,  2) 
a  cursor  which  allows  the  determination  of  the  exact 


latitude  and  longitude  of  each  strike,  the  time  (to 
the  nearest  minute)  of  the  strike,  and  the  azimuth  and 
range  of  that  strike  from  any  arbitrarily  selected 
point  in  the  network's  domain,  3)  the  ability  to  per¬ 
form  a  dynamic  zoom  to  any  point  on  the  base  map  by 
simple  keyboard  control,  4)  a  base  map  using  up  to  7 
individual  colors  to  specify  such  features  as  coastli¬ 
nes,  highways,  city  boundaries,  weather  stations,  etc. 
-  each  of  which  are  selectably  removable  or 
displayable,  5)  a  recall  of  data  within  a  given  time 
period  (the  last  20  minutes,  from  six  to  four  hours 
ago,  etc.),  6)  a  time-lapse  animation  of  storm 
lighting  strokes  over  any  arbitrary  time  period. 

Direct  interfacing  into  the  customer's  own  computer 
requires  a  simple  RS-232  connection.  Among  the  most 
important  attributes  of  LPATS  data  are  the  relatively 
low  data  rates  involved.  While  storm  stroke  rates  cn 
the  order  of  several  thousand  per  hour  are  not  uncom¬ 
mon,  this  represents  a  miniscule  amount  of  data  com¬ 
pared  to  many  other  meteorological  remote  sensing 
systems.  Lightning  has  the  interesting  characteristic 
of  having  a  very  high  information  value  and  a  low  data 
rate,  as  opposed  to  the  very  high  data  rates  and  low 
information  value  of  such  systems  as  satellites  and 
radar.  Thus,  it  becomes  a  simple,  straight  forward 
matter  to  integrate  lightning  data  onto  satellite 
image  displays,  conventional  and  Doppler  radar 
systems,  and  onto  Mcldas-based  interactive  displays. 

IV  -  SYSTEM  EVALUATION 

There  has  been  a  very  limited  number  of  studies  eva¬ 
luating  the  accuracy  of  the  several  available 
lightning  detection  systems  available  (Johnson,  et  al , 
1982).  Naturally,  the  lack  of  any  routinely  available 
primary  data  base  for  lightning  ground  strokes  is  at 
the  root  of  the  difficulty  in  evaluating  the  perfor¬ 
mance  of  an  LPATS  TOA  system.  The  two  parameters  of 
primary  concern  are  CG  stroke  detection  efficiency, 
and  locational  accuracy.  Many  of  the  factors  contri¬ 
buting  to  these  are  described  in  great  detail  in  Bent, 
Highlands,  and  Lyons  (1984).  It  has  been  estimated 
that  near  the  center  of  an  LPATS  network,  the  CG 
stroke  detection  efficiency  is  approximately  85X,  as 
determined  by  actual  visual  observations  during 
storms.  It  is  felt  that  the  detection  efficiency  of 
an  LPATS  network  falls  off  very  slowly  with  range.  At 
the  current  time,  analyses  of  internal  data  coherence 
and  consistency  are  one  of  the  main  tools  for  LPATS 
evaluation.  It  can  be  easily  noted  through  ongoing 
inspections  of  the  VIS  display  that  there  is  little 
difference  in  the  cohesiveness  of  lightning  clusters 
plotted  near  the  center  of  the  network  compared  to 
those  at  the  far  fringes  of  the  display  (beyond  800  km 
range).  In  an  experiment  conducted  on  3  February 
1984,  a  cell  located  over  the  Gulf  of  Mexico  (26*N, 
85*W)  was  moritored  from  the  U.S.  Navy’s  East  Gulf 
network  (680  km  distant)  and  simultaneously  from  the 
peninsular  Florida  network  (385  km  distant).  All 
strokes  over  a  2.5  minute  period  were  noted.  Fully 
61%  of  the  s  rokes  noted  by  the  Florida  network  were 
detected  by  the  more  distant  East  Gulf  network.  In 
another  case  an  Isolated  thunderstorm  in  the  Kansas 
City  area  was  tracked  by  the  Florida,  East  Gulf,  and 
Upper  Midwest  networks  simultaneously,  with  all  stro¬ 
kes  falling  in  clusters  within  20  km  of  each  other. 
These  and  many  other  comparisons  suggest  a  significant 
degree  of  stroke  detection  efficiency  at  long  ranges 
(Bent,  et  al ,  1984). 

With  regards  to  locational  accuracy,  a  theoretical 
simulation  of  the  system  performance  has  been  used  to 
determine  accuracy  statistics  for  a  typical  LPATS  net- 
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work  (Bent,  et  al,  1984).  In  order  to  investigate  the 
accuracy  of  the  system  on  a  theoretical  basis,  it  is 
hypothesized  that  the  total  system  timing  errors  will 
not  exceed  2  microseconds  as  a  worst  case  situation. 
A  computer  program  was  written  to  simulate  a  TOA 
network's  performance  on  a  40  x  40  matrix  centered 
over  any  predetermined  array  of  four  antennas.  At 
each  of  the  1600  grid  points,  the  timing  from  a 
theoretical  flash  to  each  receiver  was  distorted  by  a 
random  number  less  than  100X  of  the  anticipated  worst 
case  error.  The  positional  error  for  each  theoretical 
lightning  stroke  was  calculated  for  50  iterations  in 
each  grid  point.  For  the  Florida  network,  which  is 
quite  typical,  the  predicted  errors  in  locating 
lightning  strokes  in  the  center  of  the  state  about 
140  km  from  each  of  the  receiving  stations  are  as 
follows:  mean  error  97  m,  maximum  error  411  m,  and 
standard  deviation  76  m.  At  a  distance  of  560  km  from 
the  center  of  the  network,  the  predicted  values  are  as 
follows:  mean  error  2300  m,  maximum  6800  m,  and  stan¬ 
dard  deviation  1800  m.  Figure  4  is  a  map  typical  of  a 
network's  locational  accuracy  isopleths. 

The  internal  consistency  of  the  stroke  data  attests  to 
the  probable  reliability  of  these  estimates.  In  one 
particular  study,  fourteen  strokes  were  observed 
within  one  flash  at  a  distance  of  over  200  km  from  the 
network  centroid.  The  variation  in  successive  stroke 
locations  was  less  than  1100  meters.  It  can  also  be 
observed  on  the  VIS  display  that  lightning  clusters  do 
not  tend  to  "smear"  or  become  dispersive  at  ranges  in 
excess  of  500  or  600  km.  These  results  have  been  con¬ 
firmed  by  field  texts  conducted  by  the  U.S.  Naval 
Oceanographic  Command  [1].  Other  theoretical  eva¬ 
luations  have  strongly  suggested  that  LPATS  will  not 
be  perturbed  by  the  Impact  of  mountains.  A  2000  meter 
mountain  range  traversing  a  network  would  introduce 
fixed  (and  therefore  removable)  locational  errors  cn 
the  order  of  30  to  300  meters  at  the  worst.  The 
impact  of  a  60  km  long  power  line  within  100  m  of  an 
antenna  would  introduce  errors  no  greater  than  7  m, 
which  are  essentially  inconsequential  (Olsen,  et  al , 
1982;  Bent,  et  al,  1984). 


V  -  CASE  STUDIES 


It  has  become  apparent  from  the  routine  use  of  LPATS 
that  lightning  is  often  a  far  more  organized  phenome¬ 
non  than  had  previously  been  anticipated.  Lightning 
strokes  are  not  necessarily  a  randomly  scattered  "act 


Fig.  5.  Lightning  clusters  associated  with  sea  breeze 
thunderstorms  over  peninsular  Florida  late  on  the 
afternoon  of  5  May  1984. 


of  God"  type  of  event,  but  show  distinct  patterns  and 
morphologies  in  some  cases  similar  to  those  from  radar 
studies.  Just  as  the  typical  radar  echo  is  smaller 
than  the  cloud  in  which  it  is  embedded,  more  often 
than  not  LPATS  lightning  clusters  are  significantly 
smaller  than  the  overall  radar  echo  with  which  they 
are  associated.  A  series  of  case  studies  follow  which 
reveal  some  of  the  patterns  observed. 

Air  Mass  Thundershowers 


The  term  "air  mass"  thundershower  connotes  a  random¬ 
ness  and  lack  of  organization  to  atmospheric  convec¬ 
tion.  While  there  is  clearly  a  broad  spectrum  in  the 
degree  of  organization  of  mesoscale  convective  preci¬ 
pitation  events,  the  more  any  given  series  of  convec¬ 
tive  events  is  examined,  the  more  at  least  some  degree 
of  patterning  will  emerge.  The  original  study  of  "air 
mass"  storms,  The  Thunderstorm  Project  (Byers  and 
Braham,  1949),  concentrated  on  small  non-severe  storms 


Fig.  6.  Lightning  "lineaments"  associated  with  small 
air-mass  thundershowers  over  Iowa  and  Illinois, 
2000-2100  GMT,  4  September  1984.  The  curvilinear  path 
directly  reflects  the  strong  relative  cyclonic  vor- 
ticity  within  the  circulation  of  a  storm  centered  well 
north  of  the  area. 


southwesterly  flow  in  advance  of  a  cold  front  moving 
through  the  Great  Plains  during  an  early  spring 
storm,  afternoon  and  early  evening,  20  February  1985. 
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in  Ohio  and  Florida.  In  subsequent  years  it  has 
become  apparent  that  afternoon  summer  showers  in 
Florida  are  strongly  Influenced  by  the  sea  breeze 
(Byers  and  Rodebush,  1949;  Plelke,  1974). 
Thunderstorms  will  routinely  form  along  the  sea  breeze 
convergence  zone  as  it  propagates  Inland  during  the 
day.  Satellite  imagery  has  presented  vivid  illustra¬ 
tions  of  the  high  degree  of  organization  of  sea  breeze 
storm  events.  Figure  5  displays  a  very  typical 
display  from  the  Florida  LPATS  network.  A  strong  sea 
breeze  convergence  zone  along  the  eastern  shore  of 
Florida  triggered  a  chain  of  contiguous  storm  centers. 
Lightning  activity  was  moderate,  exceeding  6000-7000 
strokes  per  hour  during  the  late  afternoon. 

Figure  6  represents  the  LPATS  display  from  a  totally 
different  convective  regime,  which  could  still  be 
loosely  categorized  as  an  "air  mass"  shower  system. 
On  4  September  1984,  unseasonably  cool  air  was  being 
swept  into  the  Upper  Midwest  by  the  strong  cyclonic 
flow  associated  with  a  deep  cyclone  north  of  the  Great 
Lakes.  Afternoon  instability  showers  developed  over 
Iowa,  Wisconsin,  and  Illinois.  GOES  satellite  imagery 
revealed  charasteric  well-defined  cyclonically  curved 
cloud  streets.  Small  (less  than  20-30  km)  cumulonim¬ 
bus  clouds  formed  within  these  cloud  streets  and  moved 
southeastward,  steered  by  the  strong  low  level  flow. 
The  LPATS  display  shows  the  lightning  "lineaments* 
associated  with  these  storms.  Individual  "lightning 
generating  cells”,  smaller  than  their  parent  cumulo¬ 
nimbus,  maintained  themselves  often  for  100  to  200  km, 
yet  with  widths  on  the  order  of  10  km.  This  tendency 
for  lightning  "lineaments",  long-lasting  narrow 
lightning  corldors  associated  with  the  electrically 
active  point  of  a  larger  convective  cloud,  has  been 
noticed  on  many  occasions. 

Figure  7  shows  another  set  of  lightning  "lineaments* 
monitored  during  synoptic  conditions  quite  dissimilar 
to  the  case  described  above.  On  the  afternoon  of  20 
February  1985,  an  early  spring  cyclone  was  advecting 
unseasonably  warm  air  over  large  portions  of  the 
Midwest,  much  of  which  was  still  snow  covered. 
Scattered  thunderstorms  developed  In  the  broad  south¬ 
westerly  flow  ahead  of  a  slowly  advancing  cold  front. 
While  the  GOES  satellite  Imagery  did  not  reveal  any 
obvious  patterning  In  the  dappled  cloud  field  moving 
northeastward  over  Kansas,  Iowa,  Missouri,  and  into 
Minnesota,  LPATS  (Fig.  7)  showed  otherwise.  Olstlnct 
lightning  “llnrrments"  with  aspect  ratios  on  the  order 

of  20  to  1  Indicated  discrete  lightning  generating 
cells  moving  northeastward  at  over  20  m/sec,  some 
lasting  up  to  several  hours. 

Cold  Frontal  Thunderstorms 


The  classic  "Polar  Front  Cyclone*  model  of  the  Bergen 
School  assigns  the  synoptic  cold  front  as  perhaps  the 
principal  thunderstorm  generating  factor  at  mid- 
latitudes.  Several  LPATS  displays  of  cold  frontal 
storms  follow  below. 


Fig.  8.  60ES  KB8  Images  (visible),  at  1730  GMT,  15 
August  1984,  showing  narrow  band  of  cold  frontal  thun¬ 
derstorms  along  the  South  Oakota-Nebraska  border. 


Fig.  9.  VIS  display,  1630-1730  GMT,  15  August  1984, 


Fig.  10.  Detail  of  lightning  cluster  shown  In  Fig.  9, 
showing  2200  strokes  from  1545  to  1645  GMT,  15  August 
1984. 


On  the  afternoon  of  15  August  1984,  a  weak  cold  front 
extended  from  Minnesota  Into  northern  Nebraska.  As 
Indicated  In  the  GOES  Imagery,  this  cloud  band  was 
quite  narrow,  less  than  about  100-150  km  across  (Fig. 
8).  In  a  one  hour  time  span,  approximately  2500  stro¬ 
kes  were  recorded  In  a  very  narrow  (25-50  km)  band 
directly  beneath  this  cloud  line  and  Its  associated 
radar  echoes  (Fig.  9).  A  close  up  of  this  lightning 
cluster  Is  shown  in  Fig.  10.  It  should  be  noted  that 
the  western  edge  of  this  cluster  was  more  than  900  km 
southwest  of  the  centroid  of  the  Upper  Midwest  net¬ 
work.  There  appears  to  be  relatively  little 


"smearing"  of  the  lightning  stroke  patterns  as  a 
result  of  decreased  locational  accuracy  or  detection 
efficiency  with  range.  It  Is  common  to  find  such  den¬ 
sely  packed  lightning  clusters  even  at  the  edge  of  the 
Upper  Midwest  and  other  networks. 

Figures  11-13  reveal  a  “classic"  pre-cold  frontal 
squall  line  event.  On  20  November  1983,  a  cold  front 
was  sweeping  across  the  east  Gulf  of  Mexico, 
generating  a  typical  squall  line  ahead  of  the  surface 
position  of  the  front.  In  Fig.  11,  about  700  strokes 
are  plotted  over  a  20  minute  period,  displaying  a 
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Fig.  11.  About  700  CG  strokes,  1702-1722  GMT,  20 
November  1984,  as  a  well  defined  pre-cold  frontal 
squall  line  approaches  the  west  coast  of  Florida. 

Fig.  12.  Squall  line  lightning  activity  continues 
with  about  3000  strokes  between  1705  and  1905  GMT. 

Fig.  13.  The  squall  line,  after  crossing  Florida, 
gradually  weakened,  with  about  3000  strokes  between 
2300  and  0400  GMT.  Discrete  lightning  cells  could 
still  be  discerned  within  the  overall  thunderstorm 
1  Ine. 

clear,  well-defined  squall  line  approaching  the  west 
coast  of  Florida.  As  the  front  pushed  southward  and 
more  moisture  became  available,  a  high  level  of 
lightning  activity  was  maintained,  with  Fig.  12 
showing  3000  strokes  occurring  over  a  two  hour  period. 
In  Fig.  13,  the  same  squall  line  about  10  hours  later 
had  traversed  the  Florida  peninsula.  Thunderstorm 


activity  had  decreased  and  the  attendant  lightning  had 
diminished  considerably.  The  original  picture,  color 
coded  in  one  hour  Increments,  showed  about  3000 
lightning  strokes  over  a  6  hour  period.  Particularly 
In  the  original  photograph,  the  organized  progressive 
motion  of  the  squall  line  and  of  its  constituent 
lightning  cells  is  immediately  apparent. 

Stationary  Frontal  Storms 

During  the  spring  and  summer  In  the  eastern  U.S.,  the 
stationary  front  is  a  most  vigorous  thunderstorm 
generating  mechanism.  Cells  often  form  in  broad  easi.- 
west  belts  with  activity  persisting  for  days.  As 
shown  In  Fig.  14,  an  Intense  temperature  gradient  was 
present  over  Iowa  and  surrounding  states  late  on  the 
afternoon  of  1  September  1984.  Surface  maximum  tem¬ 
peratures  ranged  from  over  100°F  (38°C)  In  southeast 
Iowa  to  70°F  (21°C>  in  southwest  Minnesota.  A  line  of 
thunderstorms  erupted  along  this  quasi-statlonary 
front  after  about  2200  GMT'  (Fig.  15).  The  line 
Itself  showed  very  little  motion  over  the  ensuing 
several  hours,  while  Individual  cells  were  noted 
tracking  rapidly  northeast  and  then  eastward  along  the 
frontal  boundary.  In  the  period  between  2300  GMT  and 
0000  GMT,  1  September  1984,  a  total  of  9500  strokes 
were  plotted  on  the  VIS  within  this  very  narrow  band. 
In  the  four  hours  between  2300  GMT  and  0300  GMT,  a 
total  of  31,500  strokes  were  concentrated  in  a  band 
about  75-150  km  wide  and  1300  km  long  (Fig.  16).  It 
should  be  noted  that  in  order  to  monitor  this  event 
using  radar,  a  minimum  of  four  WSR-57  radar  systems 
(Neenah,  Minneapolis,  Des  Moines,  Grand  Island)  had  to 
be  accessed  via  dial-up  displays  to  provide  a  complete 


Fig.  14.  High  temperature  map  (*F)  over  the  upper 
Midwest,  1  September  1984.  Temperatures  range  from 
12*C  to  38* C  over  region. 


Fig.  15.  GOES  KB8  Infrared  Image  (MB  curve)  at  0000 
GMT,  2  September  1984,  showing  thunderstorm  clusters 
forming  along  the  quasi-statlonary  frontal  boundary. 
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Fig.  16.  Accumulated  CG  strokes  between  2300  GMT  and 
0300  GMT,  1-2  September  1984.  Approximately  31,500 
individual  strokes  were  plotted. 

Mesoscale  Convective  Complexes 

Over  the  years,  researchers  (Maddox,  1980)  have  disco¬ 
vered  a  new  form  of  highly  organized  mid-latitude  con¬ 
vection,  the  mesoscale  convective  complex  (MCC). 
Covering  hundreds  of  thousands  of  square  kilometers 
and  lasting  12  to  72+  hours,  the  MCC  is  a  prodigious 
producer  of  severe  weather,  including  flash  flooding 
and  tornadoes.  Two  case  studies  suggest  lightning  is 
another  notable  characteristic  of  the  MCC. 

Late  on  the  afternoon  of  24  May  1984,  a  rapidly  moving 
cold  front  was  sweeping  through  Minnesota  and 
Wisconsin.  GOES  satellite  imagery  detected  a  cluster 
of  thunderstorms  forming  in  Minnesota.  These  moved 
rapidly  east-southeastward  into  eastern  Wisconsin, 
where  they  coalesced  into  an  MCC-like  cloud  mass. 
Figure  17  shows  the  GOES  Infrared  image  (MB  curve)  at 
0100Z,  25  May  1984.  While  clearly  linked  to  a  cold 
front  and  somewhat  smaller  than  a  typical  MCC,  this 
cloud  cluster  did  appear  to  have  many  of  the  charac¬ 
teristics  of  an  MACC.  Note  the  broad  V-shaped  pattern 
of  the  cold  cloud  tops  In  the  GOES  Imagery  over 
Wisconsin  and  Lake  Michigan.  Compare  this  with  Fig. 
18,  which  shows  the  regional  view  of  lightning  in  a 
one  hour  period  from  2352  to  0052  GMT.  A  close-up 
view  of  the  storm  cell  (Fig.  19)  shows  a  31  minute 
summation  of  the  lightning  strokes  associated  with 
this  cloud  cluster.  Figure  20  reveals  It  In  greater 
detail.  Both  in  the  original  color  coded  displays  and 
on  the  VIS  screen  animation  It  was  apparent  that  the 
CG  strokes  associated  with  this  storm  were  advancing 
almost  as  a  solid  "wall”  of  lightning,  most  likely  in 
conjunction  with  the  gust  front.  At  the  peak  of  acti¬ 
vity,  this  cluster  generated  5000  strokes  per  hour  as 
it  moved  through  central  Wisconsin. 


Fig.  17.  60ES  KM  infrared  image  (N8  curve),  0100 
GMT,  2r  M;y  1985,  showing  MCC-like  thunderstorm 
cluster  over  the  Milwaukee  area. 


Fig.  18.  Upper  Midwest  network  VIS  display  showing 
one  hour  of  CG  strokes,  ending  0100  GMT,  25  May  1984. 

Fig.  19.  Detail  of  the  storm  shown  In  Fig.  18,  with 
1575  strikes  between  0013  and  0034  GMT,  25  May  1984. 

Fig.  20.  Close-up  view  of  Milwaukee  metropolitan 
area.  All  displays  generated  In  real-time  using  the 
LPATS  VIS  system. 

On  14  June  1984,  a  broad  upper  atmospheric  ridge 
stretched  across  the  upper  Midwest.  Highly  unstable 
air  was  present  In  the  maritime  tropical  air  mass  to 
its  south.  These  are  highly  favorable  conditions  for 
MCC  formation  and  In  fact  a  series  did  develop  In 
North  and  South  Dakota  and  propagated  eastward  over  a 
several  day  period.  Figure  21  shows  a  portion  of  a 


Fig.  23.  GOES  KB8  Image  (M8  curve),  0230  GMT,  19 
February  1984,  showing  cloud  pattern  associated  wit*'  a 
major  upper  Midwest  snowstorm. 


Fig.  22.  IPATS  display  showing  2500  CG  lightning 
strokes  fro-  1545  GMT  to  1712  GMT,  14  June  1984.  The 
bulk  of  the  cluster  Is  found  over  southeastern  South 
Dakota. 

GOES  Infrared  Image  showing  the  classic  MCC  cloud 
signature  revealed  by  the  enhancement  employed  In  the 
Image  processing.  Even  In  Its  declining  stage,  this 
MCC  was  continuing  to  produce  a  ralher  Intense  and 
highly  organized  lightning  CG  display  (Fig.  22). 
Again,  the  new  CG  strokes  were  found  at  the  eastern 
and  southern  edge  of  the  cluster,  advancing  with  the 
probable  gust  front.  Note  that  the  slight  discrepancy 
between  the  (.PATS  CG  locations  and  the  cloud  pattern 
Is  due  to  a  grlddlng  error  on  the  satellite  Image 
which  displays  the  South  Dakota  border  about  30  km  to 
the  north. 

Winter  Lightning 

It  Is  a  developing  realization  that  lightning  1$  not 
an  exclusively  summertime  phenomenon.  It  has  been 
noted  during  every  week  of  the  year  along  the  eastern 
seaboard  of  the  U.S.  (Orville,  et  al,  1983).  Winter 
lightning  1$  often  found  within  Intense  occluded 
winter  cyclones.  These  are  frequently  associated  with 
Intense  snowfalls  In  the  central  and  eastern  U.S.  On 
several  occasions  during  the  winter  of  1984,  the  Upper 
Midwest  network  used  lightning  to  track  apparent  con¬ 
vective  snowbursts  producing  snowfall  accinulatlons  In 
excess  of  4"  (10  cm)  per  hour.  These  played  a  most 
useful  role  In  local  snowfall  forecasting  In  Minnesota 
during  the  record  setting  snowfall  season  of  1983-84. 


Fig.  24.  Radar  summary,  0235  GMT,  19  February  1984. 
Light  rain  and/or  snow  showers,  with  maximum  echo  tops 
to  18,000  ft  (5600  m)  are  noted  from  Nebraska  Into 
Iowa  and  northern  Illinois. 


Fig.  25.  LPATS  VIS,  for  6  hours,  ending  0300  GMT,  19 
February  1984,  showing  scattered  CG  strokes.  Including 
one  on  IL-WI  border  northeast  of  Rockford,  IL  (RFO). 
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Fig.  26.  Listing  of  airways  observations  at  RFO 
18-19  February  1984.  Remarks  (not  shown)  noted  “LTGCG 
NE“  at  0300  GMT.  L  w,b 
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On  19  February  1984,  a  large  occluded  low  was  centered 
in  northeastern  Iowa  wi'.h  its  associated  high  cloud 
tops  stretching  from  South  Dakota  into  Minnesota, 
Wisconsin  and  Michigan  (Fig.  23).  As  shown  in  Fig. 
24,  widespread  snow  covered  the  Upper  Midwest,  with 
rain  showers  reported  from  Iowa  into  northeastern 
Illinois.  Maximum  echo  tops  as  observed  by  radar  were 
under  18,000  feet  (5600  m).  Certainly,  there  Is 
nothing  in  the  satellite  radar  Imagery  to  suggest 
lightning  in  Nebraska,  Iowa,  or  Illinois.  Yet  as 
shown  in  Fig.  25,  there  was  scattered  lightning  acti¬ 
vity  reported  throughout  the  region.  Interestingly 
enough,  a  log  of  the  hourly  observations  at  the 
Rockford,  IL  airport  revealed  CG  lightning  northeast 
at  0300  GMT  (Fig.  26).  These  satellite  images  and 
radar  observations  would  normally  be  interpreted  to 
suggest  only  the  presence  of  moderate  rainshowers  in 
Illinois  and  Iowa,  with  the  nearest  thunderstorms 
being  in  southern  Indiana.  LPATS,  however,  has  fre¬ 
quently  noted  that  lightning  can  occasionally  occur 
from  DVIP  Level  1  or  2  radar  echoes  during  both  winter 
and  summer.  Thus,  the  use  of  radar  as  a  direct  indi¬ 
cator  of  thunderstorms  can  upon  occasion  be  quite 
misleading. 

Hurricane  Lightning 

Hurricanes,  while  essentially  comprised  of  spiral 
bands  of  convective  clouds,  are  generally  not  thought 
to  be  associated  with  significant  lightning.  Studies 
have  found,  however,  that  intense  convection,  suf¬ 
ficient  to  produce  embedded  tornadoes,  especially 
within  the  outer  convective  rainbands,  is  not  uncommon 
(Gentry,  1983).  This  makes  the  paucity  of  lightning 
observations  within  tropical  cyclones  all  the  more 
intriguing.  Johnson,  et  al  (1984)  do  report  a  signi¬ 
ficant  amount  of  electrlcital  activity  emanating  from 
the  vicinity  of  Hurricane  Alicia,  using  a  2  MHz  inter¬ 
ferometer  located  at  the  Marshall  Space  Flight  Center, 
Alabama.  More  recently,  however,  the  Florida  LPATS 
network  has  documented  lightning  CG  strokes  associated 
with  tropical  cyclones.  Ouring  the  formative  stages 
of  Tropical  Storm  Barry  In  late  August,  1983  off  the 
east  coast  of  Florida,  significant  lightning  activity 
was  noted.  Even  more  interesting  are  the  observations 
made  on  9-10  September  1984  prior  to  the  rapid  inten¬ 
sification  phase  of  soon-to-be  Hurricane  Diana. 
Figure  27  shows  the  LPATS  dislay  along  the  Florida 
east  coast  between  Cape  Kennedy  and  Palm  Beach  on  the 
afternoon  of  9  September  1984.  Tropical  Storm  Diana 
was  gaining  strength  at  this  time,  with  its  cir¬ 
culation  center  near  80®U,  29.5®N.  The  spiral  convec¬ 
tive  bands  were  clearly  visible  on  the  GOES  satellite 
imagery.  The  LPATS  data,  representing  about  2  hours 
of  activity,  were  directly  aligned  with  these  outer 
convective  rainbands.  By  mid-day  on  10  September 
1984,  Diana  was  Intensifying  east  of  Jacksonville,  FL. 
Figure  28  shows  the  accumulated  lightning  strokes  over 
about  a  15  hour  period.  In  addition  to  the  outer 
spiral  bands,  a  definite  coir.entration  of  CG  strokes 
was  found  in  and  near  the  wall.  Figure  29  shows  a 
close-up  of  the  eye  wall  lightning  events.  CG  strokes 
began  in  the  western  part  of  the  eye  wall  and  slowly 
(at  speeds  far  less  than  the  presumed  ambient  low 
level  winds)  rotated  in  a  counterclockwise  manner  more 
than  180*  around  the  eye.  This  pattern  was  in  fact 
repeated  several  times,  resulting  in  a  cycloidal¬ 
shaped  trail  of  CG  strokes  on  the  VIS  display  over  a 
many  hour  period.  This  case  is  under  detailed  study 
at  this  time.  It  would  appear  that  the  CG  strokes 
rotating  about  the  eye  are  associated  with  a 
"convective  hot  spot"  that  has  beet,  noted  by  hurricane 
researchers  on  several  occasions  prior  to  rapid  hurri¬ 
cane  Intensification  [2].  Satellite  studies  of  hurri¬ 


canes  have  also  noted  massive  cumulonimbus  build-ups 
developing  above  the  general  eye  wall  clouds,  which 
similarly  rotate  slowly  about  the  circulation  center 
(Gentry,  et  al,  1970).  With  the  ability  of  LPATS  to 
detect  lightning  activity  for  almost  1000  km  offshore, 
perhaps  a  new  tool  in  tropical  storm  diagnosis  could 


afternoon  of  9  September  1984,  showing  spiral  banding 
in  the  lightning  data,  here  summarized  for  a  two  hour 
period.  The  center  of  Tropical  Storm  Diana's  cir¬ 
culation  was  located  well  to  the  northeast  of  Cape 
Kennedy  (top  of  picture). 


Fig.  28.  LPATS  CG  data  suroarlzed  over  a  15  hour 
period  ending  late  on  10  September  1984.  This  was 
Just  before  the  major  intensification  of  the  storm. 


.r 


rig.  29.  Close-up  of  lightning  strokes  associated 
with  convection  embedded  within  the  eye  wall  of  the 
hurricane.  The  lightning  began  In  the  western  portion 
of  the  eye  wall  and  slowly  rotated  counterclockwise 
into  the  northeast  quadrant. 
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VI  -  SUMMARY  AND  CONCLUSIONS 


The  display  of  instantaneous  CG  lightning  stroke  data 
has  found  applications  in  local  forecasting  as  well  as 
various  aspects  of  meteorological  research. 
Individual  four  station  networks  can  serve  as  a 
reliable  real-time  detector  and  tracker  of  thun¬ 
derstorms  over  an  area  some  1800  km  on  a  side.  Since 
LPATS  is  a  unique  discriminator  of  lightning  and 
therefore  thunderstorms,  its  use  avoids  the  necessity 
of  Inferring  thunderstorm  occurrences  from  either 
satellite  or  from  radar  reports.  The  ability  to  ani¬ 
mate  and  recall  historical  data  (over  a  period  of 
several  hours)  allows  an  easy  determination  of  storm 
motion  and  morphology,  thus  greatly  assisting  short- 
range  nowcasting.  LPATS  provides  an  instantaneous 
sub-synoptic  view  of  atmospheric  convective  events  on 
a  single  display,  whereas  perhaps  as  many  as  ten 
radars  would  necessarily  need  to  be  composited  to  pro¬ 
vide  the  same  thunderstorm  tracking  capability. 
Lightning  data  are  devoid  of  ground  clutter  and  anoma¬ 
lous  propagation  problems  that  plague  radar.  Needless 
to  say,  LPATS  is  not  seen  as  a  replacement  for  radar, 
but  as  a  highly  valuable  augmentation.  Furthermore, 
the  relatively  low  data  rates  associated  with  light¬ 
ning  detection  systems  and  its  time/latltude/longitude 
data  format  make  it  extremely  straight  forward  to 
integrate  lightning  into  already  existing  digital  and 
satellite  data  bases.  The  documented  coherence  of 
lightning  in  time  and  space  has  Important  implications 
both  for  mesoscale  nowcasting  and  lighting  climatolo¬ 
gical  studies. 

II]  Geltz,  W.C.,  1983:  Evaluation  of  the  Lightning  Position  and 
Tricking  System.  Prepared  by  Navel  Oceanographies  Command 
Oetachment,  Pensacola,  for  Commander,  Naval  Air  Systems 
Washington,  O.C. 

[2]  P.G.  Black,  NOAA,  personal  comaunicatlon. 
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Abstract  -  Data  from  recent  flight  tests,  useful  for  assessing  the  lightning-location  capability  of  a 
commercial  airborne  crossed  loop  mounted  on  a  C- 130  aircraft,  are  analyzed  under  a  novel  interpretation. 
The  new  Interpretation  identifies  data  from  Individual  flashes.  These  and  associated  airborne  radar 
cloud  data  lead  to  an  improved  assessment  of  the  Instrument's  range  and  azimuth  errors.  The  value  of 
identifying  Individual  discharges  lies  in  the  fact  that  the  multiple  return  strokes  of  the  same  flash 
may  be  assured  tc  originate  in  the  same  location.  Therefore,  if  each  dot  on  the  display  is  associated 
uniquely  with  one  return  stroke,  the  radial  distance  and  azimuth  are  the  same  for  all  return-stroke  dots 
caused  by  the  same  lightning.  The  radial  and  azimuthal  spreads  can  then  be  determined.  The  results 
obtained  show  (a)  large  radial  spreads  that  severely  deteriorate  the  Instrument's  ranging  capability, 

(b)  reasonably  good  azimuth  capability  for  distant  lightnings,  and  (c)  deterioration  of  azimuth  capa¬ 
bility  for  nearby  lightnings,  but  also  for  all  single-stroke  flashes.  A  novel  method  is  also  suggested 
as  a  hopeful  possibility  for  overcoming  the  ranging  difficulty.  It  should  be  investigated  in  future 
work . 


I. 0  INTRODUCTION 

In  our  recent  survey  [1],  we  analyzed  many  lightning  lated  over  many  lightning  discharges.  The  value  of 
warning  systems  suitable  for  airborne  use.  The  present  identifying  individual  discharges  lies  in  the  fact  that 

paper  is  concerned  with  the  accuracy  of  one  of  these  tl'e  multiple  return  strokes  of  the  same  flash  may  be  re¬ 
systems,  a  single-station  crossed  loop  used  as  an  garded  as  originating  in  the  same  place.  Therefore, 

on-board  lightning  locator  [1,2].  The  data  were  ob-  t*le  radial  distance  and  the  azimuth  should  be  the  same 

tained  with  Stormscope,  a  commercially-available  for  a11  return-stroke  dots  caused  by  the  same 

instrument  (operating  in  the  50-kHz  region)  that  re-  lightning,  and  the  radial  or  azimuthal  spread  can  be 

presents  this  type  of  detector.  In  flight  tests  determined, 

performed  by  the  Air  Force  in  1981  [3,4],  the  instru¬ 
ment  was  installed  on  a  WC-130  Lockheed  Hercules  jn  order  to  make  clear  why  we  can  relate  the  individual 

transport  aircraft,  operated  by  NOAA.  The  primary  mis-  Stormscope  dots  to  lightning  strokes,  it  will  be  help- 

sion  of  the  joint  NOAA-Air  Force  program  was  to  f„l  to  review  here  the  temporal  phenomenology  of  a 

characterize  the  radiation  emitted  by  lightning  and  its  cloud-to-ground  discharge.  (This  information  may  be 

coupling  to  the  aircraft.  The  aircraft  was  suitably  found  for  exampie  in  Ret.  8.)  The  average  lightning 

instrumented  with  electric  and  magnetic  field  sensors  discharge  (or  flash)  to  ground  is  multiple,  i.e.,  in- 

for  this  purpose  [5],  and  Stormscope  was  piggybacked  cludes  a  series  of  seVeral  individual  component 

thereon.  strokes ,  i.e.,  return  strokes.  (The  terms  "flash"  and 

"stroke"  are  attributable  to  Schonland.)  During  a  mod- 
To  our  knowledge,  these  data  constitute  the  first  erate  storm  the  average  interval  between  flashes  is  20 

available  of  their  kind  suitable  for  assessment  of  an  seconds.  The  overall  duration  of  a  flash  is  of  the  or- 

instrument  mounted  on  a  large  aircraft^  Data  obtained  der  of  one  seCond,  and  the  duration  of  an  individual 

prior  to  1981,  including  the  Air  Force  s  own  tests[6]  component  stroke  is  of  the  order  of  one  millisecond, 

and  experiences  of  operators  of  small  private  aircraft  Buitiplicity  of  a  flash  (number  of  strokes)  has  an 

[7],  have  involved  small  or  mid-sized  aircraft.  (New  average  value  between  3  and  4,  but  can  vary  from  one  to 

data  involving  a  Convair  580  is  anticipated  from  1984  more  than  20.  The  probability  of  any  given  number  oc- 

tests-)  curring  decreases  as  the  number  increases.  Each  stroke 

consists  of  a  high-current  pulse,  and  ia  preceded  by  a 
The  Stormscope  data  in  conjunction  with  airborne  radar  low-current  leader  process.  The  mean  time  interval  be- 

data  were  acquired  along  a  flight  path  toward  and  lueen  atrokea  is  about  30  ms  or  longer,  and  tends  to 

around  an  isolated  storm  located  by  the  airborne  radar.  increase  with  tbs  number  of  strokes.  Positive  flashes. 

(An  additional  valuable  feature  is  that  the  Stormscope  aa  opposed  to  negative  ones,  usually  are  single-stroke 

display  screen  waa  manually  cleared  frequently  during  flashes, 

the  flight.)  These  data,  and  our  own  analysis  associ¬ 
ating  Stormscope  dots  with  return  strokes  of  individual 

lightning  flashes,  allowed  an  assessment  to  be  made  of  Hence,  the  multiple  strokes  of  a  flash  can  easily  be  re- 

the  instrument's  azimuth  and  ranging,  and  therefore  al-  solved  in  time  if  the  resolution  capability  of  the  in- 

ao  lightning- location.  capabilitiea  [3].  This  strument  is  under  a  millisecond.  We  believe  that  the 

association  (auggeated  also  in  the  preliaiinary  study  by  Stormscope  instrument  resolves  the  component  return 

J.  Rearer  (4] )  represents  an  advance  in  that  the  analy-  strokes  of  a  single  flash,  and  displays  these  strokes 

ais  and  statistical  procedures  are  thus  applicable  to  **  individual  dots,  occurring  within  a  time  interval  of 

individual  lightning  discharges  where  the  Stormscope  one  »«eond.  This  interpretation  leads  to  new  typea  of 

dota  are  correlated  in  time,  as  opposed  to  the  usual  results.  The  results  to  be  presented  are  based  on  our 

Stormscope  display  where  clusters  of  dots  are  accumu-  recent  report  (3). 
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2.0  STORMSCOPE  DATA  ANALYSIS 

The  types  of  data  obtained  in  the  1981  measurements 
that  are  relevant  here  are  s  follows: 

a.  Airborne  video  tape  record  of  Stormscope  dis¬ 
plays,  which  provided  the  Stormscope  data  used 
here. 

b.  Timing  data  from  an  on-board  time  code  genera¬ 
tor  (synchronized  to  the  ground  station  time 
base) . 

c.  Digitized  airborne  weather  radar  data,  stored 
on  flexible  disk  or  magnetic  tape.  This  radar 
data  was  valuable  for  the  present  purposes. 

No  independent  "ground-truth"  lightning  location  data 
were  available.  It  should  be  mentioned  that  the  data 
from  the  other  on-board  sensors  with  which  the  aircraft 
was  heavily  instrumented  (B-dot,  D-dot,  1-dot)  to  meas¬ 
ure  submicrosecond-time-scale  lightning-induced  tran¬ 
sients  were  tailored  to  a  different  investigation  and 
were  generally  not  suitable  for  the  problem  of  interest 
here. 

It  should  also  be  noted  that  the  data- reduct  ion  effort, 
by  Reazer  and  ourselves  [3,4],  was  considerable,  re¬ 
quiring  manual  timing,  hand  measurements,  and  copying 
of  individual  Stormscope  dots  from  the  video  monitor 
screen  onto  drawings,  from  the  video  tape,  frame  by 
frame.  (This  laborious  procedure  can  be  avoided  in  the 
future  by  automatically  digitizing  the  Stormscope 
data.)  Using  the  same  video  tape  and  radar  data  as 
Reazer  [4],  we  have  extracted  additional  valuable  data 
and  reorganized  all  of  the  data  to  obtain  new  types  of 
results,  to  be  described  below. 

Figures  1  and  2  summarize  the  principal  results  ob¬ 
tained  with  respect  to  azimuth  and  ranging  capability, 
as  follows. 

We  organized  the  Stormscope  dot  data  into  about  50  in¬ 
dividual  cloud-to-ground  flashes,  with  an  average  of 
about  4  dots  (strokes)  per  flash,  corresponding  to  a 
particular  time  period  on  2S  August  1981.  During  this 
time  period,  there  was  essentially  a  single  storm  cloud 
indicated  by  the  radar.  Combining  radar  data  (digi¬ 
tized)  with  aircraft  position  and  heading  data  at 
several  positions  allowed  us  to  locate  the  ground  posi¬ 
tion  of  the  cloud  and  to  reconstruct  the  aircraft 
flight  path.  Figure  1  shows  the  inferred  cloud  posi¬ 
tion  and  the  flight  path  toward  and  around  the  cloud. 
The  cloud  is  defined  to  have  a  circular  shape  with  a 
typical  diameter  of  2.5  nmi.  The  flight  path  and  the 
instantaneous  Stormscope  dot  displays  at  various  posi¬ 
tions  along  the  path  allowed  a  test  of  how  well 
Stormscope  could  track  a  well-defined  lightning  source. 
The  numbers  at  positions  along  the  path  (from  1  to  41) 
not  only  label  the  positions,  but  also  denote  the 
"Flash  Indices”  [3]  of  the  individual  flashes  occurring 
when  the  airplane  was  at.  those  positions.  The  encir¬ 
cled  indices  (Flashes  1,  5,  7,  16,  20,  22)  designate  the 
flashes  giving  rise  to  the  selected  Stormscope  displays 
that  will  be  discussed  below,  together  with  the  "rays" 
(azimuth  lines)  emanating  from  various  points  along  the 
path.  Figure  2  presents  range  data  for  the  41  flashes 
and  shows  how  the  range  data  compare  with  the  true  cloud 
position.  Ve  will  discuss  Fig.  2  in  detail  later. 

2.1  Combined  Cloud-Dot  Displays 

Figures  3-8  are  diagrams  of  simulated  compass-rose  dis¬ 
plays  of  Stormscope  dot  data  with  superimposed  radar 
cloud  data  for  the  six  selected  individual  flashes  men¬ 


tioned  above.  The  cloud  is  represented  diagrammat¬ 
ical  ly  by  quadrilaterals  whose  vertices  lie  on  ovals 
drawn  by  us  around  the  densest  portions  of  the  radar 
clouds  (not  shown).  The  diagonals  of  the  quadrilater¬ 
als  correspond  roughly  to  the  major  and  minor  axes  of 
the  ovals.  Greater  detail  in  defining  the  cloud  shcoe 
is  not  warranted  for  the  present  purposes.  The  infer¬ 
ence  of  the  cloud  position  was  not  a  trivial  task  in 
view  of  shortcomings  in  the  available  data  (see  Ref. 
3).  All  six  displays  to  be  discussed  have  a  maximum 
range  of  50  nmi  and  a  360-degree  azimuthal  view.  The 
cloud  range  and  radial  spreads  of  the  dots  can  be  esti¬ 
mated  from  the  figures,  but  can  also  be  read  off 
directly  from  Figure  2. 

Figure  3  (Flash  1,  at  14:14:03)  shows  a  single  dot  on 
the  264-degree  radial,  at  a  range  of  43  nmi.  The  cloud 
(lightning  source)  on  the  other  hand  is  near  the 
0-degree  radial,  at  a  range  of  about  30  nmi.  This  re¬ 
presents  a  poor  azimuth  detection  which  appears  to  be 
typical  of  single-dot  (single-stroke)  flashes. 

Figure  4  (Flash  5,  at  14:15:48)  shows  7  dots  on  the 
0-degree  radial,  with  ranges  distributed  from  10  to  30 
nmi.  The  cloud  is  near  the  0-degree  radial  (straight 
ahead  of  the  airplane)  and  at  a  range  of  22  nmi.  In 
this  case,  the  azimuth  detection  is  good.  The  radial 
spread  is  not  good  (as  also  indicated  in  Figure  2)  and 
is  mostly  inward. 

Figure  5  (Flash  7,  at  14:16:24)  shows  5  dots  on  the 
0-degree  radial,  aligned  with  the  cloud.  The  ranges 
are  distributed  from  18  to  45  nmi,  with  the  cloud  at  18 
r.mi.  Thus,  the  azimuth  detection  is  good,  while  the  ra¬ 
dial  spread  is  poor  and  entirely  outward. 

As  Figure  1  indicates,  Flashes  1,  5,  and  7  all  occur 
while  the  airplane  is  heading  directly  toward  the 
cloud. 

Figure  6  (Flash  16,  at  14:18:08)  shows  3  dots,  one  on 
the  0-degree  radial  and  two  on  the  12-degree  radial, 
aligned  with  the  cloud.  The  radial  spread  is  from  21  to 
50  nmi,  with  the  cloud  at  11  nmi.  The  azimuthal  de¬ 
tection  is  still  quite  good,  while  the  radial  spread  is 
poor,  and  entirely  outward.  At  this  time  the  airplane 
has  begun  its  turn  to  circle  around  the  cloud  (Figure 
1).  The  good  azimuth  defined  by  the  two  inner  dots  is 
also  shown  by  the  ray  emanating  from  Point  16  in  Figure 
1. 

Figure  7  (Flash  20,  at  14:18:56)  shows  6  dots,  the  out¬ 
ermost  4  of  which  are  well  aligned  with  the  cloud  (8 
nmi)  on  the  25-degree  radial.  The  radial  spread  is  from 
3  to  26  nmi,  that  is,  inward  and  outward  but  predomi¬ 
nantly  outward.  The  azimuthal  detection  is  still  good. 

Figure  8  (Flash  22,  at  14:20:34)  shows  13  dots,  spread 
over  90  degrees  in  azimuth  and  over  3  to  26  nmi  in 
range.  The  cloud  is  at  3  nmi,  that  is,  nearby  on  the 
75-degree  radial.  This  occurs  at  the  position  of  clos¬ 
est  approach  (Figure  1).  This  striking  degradation  in 
azimuth  detection  is  associated  with  the  closeness  of 
the  lightning,  as  will  be  discussed. 

3.0  SITE  ERRORS 

Reference  3  [App.  C;  see  also  Refs.  1  and  2]  presents  an 
original  3-D  coaiputer  model  and  numerical  computations 
of  the  site  error  at  the  Stormscope  location  and  at  oth¬ 
er  locations  on  the  C-130  aircraft.  (These  correction 
factors  have  to  be  determined  only  once,  since  they  de¬ 
pend  only  on  aircraft  geometry.  The  azimuth  errors  due 
to  real  lightning  sources  cannot  be  calculated  precise- 
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FIGURE  3 


FIGURE  4 


FIGURE  5. 


.  FLASH  1.  1  DOT.  25  August  1981.  14:14:03. 
Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  *  0°, 

range  s  30  nmi . 

Stormscope  single  dot:  azimuth  *  264°, 

range  *  43  nmi . 


FIGURE  6.  FLASH  16.  3  DOTS.  25  August  1981.  14:18:08. 
Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  *  15°, 

range  *  11  nmi, 

Stormscope  dots:  azimuth  =  0°-12°, 

average  range  =  36  nmi , 

range  spread  =  29  nmi. 


FLASH  5.  7  00TS.  25  August  1981.  14:15:48. 
Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  *  0°, 

range  *  22  nmi . 

Stormscope  dots:  azimuth  a  0°, 

average  range  a  20  nmi. 
range  spread  *  20  nmi. 


FIGURE  7. 


FLASH  20.  6  DOTS.  25  August  1981.  14:18:56. 
Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  *  25°, 

range  *  8  nmi. 

Stormscope  dots:  azimuth  *  10-25°, 

average  range  *  15  nmi , 
range  spread  *  23  nmi. 
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FLASH  7.  5  DOTS.  25  August  1981.  14:16:24.  FIGURE  8.  FLASH  22.  13  DOTS.  25  August  1981.  14:20:34 


Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  ■  0°, 

range  •  18  nmi . 

Stormscope  dots:  azimuth  =  0°, 

average  range  *  32  nmi , 

range  spread  *  27  nmi . 


Airplane  at  origin  of  coordinates. 

Cloud  quadrilateral:  azimuth  *  75°, 

range  *  3  nmi . 

Stormscope  dots:  azimuth  *  6°-125°, 

average  range  «  15  nmi, 
range  spread  *  23  nmi . 
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ly,  but  can  be  determined  by  measurement.)  An 
interesting  result  it  that  for  the  location  chosen,  un¬ 
der  the  "platypus"  or  "beaver  tail,"  the  site  error  is 
essentially  identical  to  that  of  a  crossed  loop  cen¬ 
tered  on  a  long  cylinder.  This  problem  has  a  known 
analytic  solution.  Hence,  the  site  error  calibration 
function  for  a  crossed  loop  at  the  Stormscope  location 
can  be  represented  analytically,  by 

Aq=  arc  tan  (2  tan  A), 

where  A  denotes  the  apparent  azimuth  angle 

and  Aq  denotes  the  true  azimuth  angle. 

This  site-error  formula  predicts  that  there  is  no  error 
in  the  forward  and  backward  directions  (zero  and  180 
degrees),  and  at  90  degrees.  Also,  the  observed  azi¬ 
muth  is  more  nearly  in  the  forward  (or  backward)  direc¬ 
tion  than  the  true  azimuth.  In  the  first  four  example 
flashes  (Flashes  1,  5,  7,  16,)  shown  in  Figs.  3-6  all 
azimuths  are  in  the  forward  direction.  Hence,  there  is 
no  site  error.  There  is  also  no  significant  site  error 
in  Flash  20,  which  occurs  near  the  forward  direction. 
In  Flash  22,  however,  the  extreme  azimuthal  scatter  do¬ 
minates  the  site  errors.  In  other  cases  [3]  the  large 
errors  in  azimuth  (greater  than  20  degrees)  when  they 
occur  cannot  be  explained  as  site  errors. 

4.0  DISCUSSION 

In  this  section  the  Stormscope  ("SS")  data  are  analyzed 
to  assess  the  capability  of  a  crossed  loop  to  track 
lightning  activity,  in  particular  cloud-to-ground 
flashes.  First  we  consider  the  ranging  capability,  and 
next  the  azimuth  capability.  Then  we  will  discuss  the 
significance  of  the  results. 


4.1  Stormscope  Ranging 

Most  of  the  data  reveals  severe  radial  spreading  of  the 
dots.  To  quantify  this  spreading  effect,  we  consider 
the  minimum  and  maximum  ranges  of  the  dots  in  the  41 
flashes  [3]  associated  with  the  aircraft  trajectory  in 
Fig.  1.  (These  minimum  and  maximum  values  can  be  ob¬ 
tained  from  the  data  given  in  Ref.  3.)  Figure  2  shows  a 
set  of  vertical  "range-spread"  bars  defining  the  spread 
for  each  f'»sh.  Ten  flashes  consisting  of  only  one 
dot/stroke  (i  e. ,  Flashes  1,  3,  12,  17,  28,  30,  32,  36, 
39,  41)  have  no  vertical  range-spread  bars,  only  a 
short  horizontal  "tick"  mark  representing  the  range  of 
the  single  dot.  Also  included  is  the  range  of  the  radar 
cloud  in  each  flash,  denoted  by  the  heavy  curve. 

For  Flashes  1-18,  the  SS  display  range  was  50  nmi.  Af¬ 
ter  Flash  18  the  SS  display  range  was  switched  to  25 
nmi,  which  is  the  display  range  for  the  remaining 
Flashes  19-41.  It  is  evident  that  in  none  of  the  flash¬ 
es  does  the  SS  range  reasonably  approximate  the  cloud 
distance.  Also,  the  maximum  SS  range  in  most  cases  ov¬ 
erestimates  greatly  the  cloud  range.  This  could  lead  a 
pilot  to  infer  that  the  electrical  discharges  are  con¬ 
siderably  further  than  they  actually  are.  On  the  other 
hand,  the  inward  spread  may  alarm  the  pilot  unnecessar¬ 
ily.  The  inward  spread  could  also  account  for  the  high 
"false  alarm"  rates  experienced  in  the 
mining-operations  warning  tests  of  Ref.  9.  It  should 
be  noted  that  there  is  a  tendency  for  the  radial  spread 
to  occupy  the  available  display  range.  Thus,  for 
Flashes  1-18,  the  maximum  range  tends  to  cluster  around 
the  50  nmi  limit  of  the  display,  while  for  Flashes 
19-34,  it  tends  to  cluster  around  the  25  nmi  limit.  It 
is  interesting  that  some  improvement  in  ranging  seems 
to  occur  in  Flashes  35-41. 


4.2  Stormscopa  Azimuths 

Stormscope  (SS)  sensing  of  lightning  flash  azimuths 
should  be  reasonably  good,  in  view  of  the 
well-established  technology  of  magnetic  crossed  loops, 
in  the  absence  of  site  errors,  and  when  the  radiator 
(lightning  channel)  is  vertical  and  the  magnetic  vector 
of  the  electromagnetic  field  is  perpendicular  to  the 
crossed-loop  axis  (that  is,  lies  in  the  horizontal 
plane  and  is  perpendicular  to  the  line  joining  the  ra¬ 
diator  position  and  the  sensor  position) [2) .  The 
following  SS  characteristics  are  evident: 

a.  In  most  cases,  particularly  at  large  distances, 
say  20-30  nmi,  from  the  cloud  (lightning 
source),  with  the  aircraft  headed  generally  to¬ 
ward  the  cloud,  the  CS  dot  azimuths  track  the 
cloud  azimuth  reasonably  well.  There  should  be 
no  site  error  when  the  source  is  in  the  forward 
direction. 

b.  When  the  aircraft  is  near  the  cloud,  say  within 
3-4  r.mi,  the  SS  dot  azimuth  sensing  capability 
deteriorates.  The  azimuths  either  are  wrong  or 
fan  out  to  the  extent  that  they  become  indeter¬ 
minate  (e.g.  Fig.  8).  For  example,  at  the  air¬ 
craft  flight  path  positions  nearest  to  the 
cloud,  the  azimuths  are  fanned  out  over  90  de¬ 
grees.  Moreover,  the  multiplicity  of  dots 
increases,  to  as  many  as  17  per  flash.  The 
spread  in  azimuths  cannot  be  explained  as  site 
errors. 

c.  Of  the  10  single-dot  flashes,  7  give  erroneous 
azimuths.  These  are  not  explainable  as  site 
errors . 


4.3  Continuous  Triangulation  on  Aircraft  Trajectory 

Figure  1  shows  the  cloud  and  the  aircraft  flight  path, 
with  Stormscope  (SS)  azimuth  lines  emanating  from  vari¬ 
ous  "flash  positions"  along  the  flight  path.  Each  azi¬ 
muth  line  represents  an  average  of  dot  azimuths  taken 
from  the  appropriate  figure  of  Ref.  3.  A  single  azimuth 
line  has  been  selected  here  to  represent  each  flash, 
whereas  there  are  in  many  cases  fans  of  azimuths. 

The  collection  of  azimuth  lines  generally  and  clearly 
point  toward  the  cloud  region.  As  the  aircraft  circles 
around  the  cloud,  the  SS  azimuth  lines  generally  point 
to  the  interior  of  the  region.  However,  the  distance  to 
the  source  is  still  unknown  due  to  the  large  radial 
spread.  This  figure  suggests  that  an  improved  method 
of  locating  a  lightning  source  using  an  airborne 
crossed  loop  is  to  accumulate  successive  azimuths  (by 
an  onboard  computer)  and  compute  their  points  of  inter¬ 
section  continuously.  The  spread  of  ranges  thus 
obtained  by  this  "continuous  triangulation"  method 
should  be  much  reduced,  even  though  some  remaining 
scatter  is  to  be  expected. 

5.0  CONCLUSIONS 

The  principal  results  and  conclusions,  that  should  be 
valid  for  any  crossed-loop  lightning  direction  finder, 
are  as  follows. 

Crossed-loop  azimuths  are  reasonably  good  for  distant 
lightnings,  but  deteriorate  for  nearby  lightnings.  The 
large  errors  in  azimuth  when  they  occur  cannot  be  ex¬ 
plained  as  site  errors.  The  t-imuthal  spread  is  of  the 
ordor  of  ±  3  degrees  (for  distant  lightnings,  beyond 
about  20  nmi)  ,  while  the  radial  spread  is  of  the  order 
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of  20  nmi.  Thus,  the  radial  spread  of  dots  is 
excessive,  and  the  ranges  indicated  by  the  dots  are 
therefore  fair  at  best,  but  generally  poor  to  nonexist¬ 
ent.  This  is  one  of  the  main  problems  for 
single-station  crossed-loop  lightning  locators. 

The  presence  of  site  errors  is  suggested  in  relatively 
few  cases.  In  most  cases  there  was  either  no  site 
error,  or  the  azimuthal  errors  were  excessive  and  not 
systematic  (nearby  lightning  or  single-stroke  flashes). 

A  possible  method  is  suggested  for  processing  the  azi¬ 
muth  data  (of  Stormscope  or  any  other  airborne  azimuth 
detector)  in  such  a  way  as  to  infer  range  while  reducing 
the  effective  radial  spread.  This  involves  a  technique 
of  "continuous  triangulction",  whereby  (using  an 
on-board  computer)  one  accumulates  successive  azimuths 
along  the  flight  path  and  computes  their  points  of  in¬ 
tersection  continuously.  The  system  thus  operates 
effectively  as  a  two-station  system,  and  the  spread  of 
ranges  thereby  obtained  should  be  much  reduced  even 
though  some  remaining  scatter  is  to  be  expected. 

The  outstanding  feature  of  this  research  is  as  follows: 

One  can  be  sure  that  all  the  Stormscope  dots  that  are 
generated  by  one  lightning  flash  originate  at  the  same 
location.  This  is  always  questionable  if  one  tries  to 
evaluate  clusters. 

5.1  Unanswered  Questions 

Several  questions  remain  unanswered,  but  tentative  ex¬ 
planations  are  offered,  as  follows: 

a.  Why  does  the  azimuth  capability  deteriorate 
when  the  aircraft  is  near  the  lightning?  Per¬ 
haps  we  are  no  longer  in  the  "radiation  zone" 
of  the  radiator.  At  50  kHz  the  wavelength  is  6 
km  or  3.2  nmi.  Within  this  range  we  are  in  the 
induction  zone  of  a  point-dipole  radiator. 
Moreover,  since  the  length  of  a  lightning  chan¬ 
nel  is  of  the  order  of  6  km,  the  channel  no  lon¬ 
ger  appears  as  a  point  dipole  at  a  range  of  6 
km.  Also,  the  lightning  channels  may  have  hor¬ 
izontal  components  that  can  make  significant 
contributions  at  close  ranges.  This  effect 
(nonvertical  lightning)  would  degrade  the  azi¬ 
muth-detection  capability  of  a  crossed  loop[2|. 

b.  Why  does  the  multiplicity  of  dots  increase 
greatly  near  the  lightning  source?  There  may 
be,  in  addition  to  the  strong  pulse  of  a  return 
stroke,  many  weak  pulses  radiated  by  the  light¬ 
ning  channel,  for  instance,  K-changes  or  elec¬ 
tromagnetic  reflections  at  the  branch  points  of 
the  channel.  These  weak  pulses  may  be  picked 
up  at  close  range.  Another  possibility  is  the 
contribution  of  intracloud  discharge?  to  SS  da¬ 
ta;  this  cannot  be  clearly  ruled  out, 
particularly  at  close  ranges.  The 
manufacturer,  however,  appears  to  have  designed 
the  instrument  to  detect  only  cloud-to-ground 
discharges . 


c.  Why  do  single-dot  flashes  tend  to  give  errone¬ 
ous  azimuths?  We  have  no  obvious  explanation 
for  this.  There  may  be  other  storms  not  seen  by 
the  radar  that  could  account  for  odd  azimuths. 

6.0  ACKNOWLEDGEMENT 

We  are  grateful  to  C.  Mashburn  of  Warner  Robins  Air  Lo¬ 
gistics  Center  for  his  encouragement  and  support,  and 
to  G.  duBro,  J.  Reazer,  P.  Rustan,  A.  Serrano,  and  L. 
Walko  of  the  Atmospheric  Electricity  Hazards  Group  at 
Air  Force  Wright  Aeronautical  Laboratories  for  provid¬ 
ing  the  data  and  many  helpful  discussions.  This  work 
was  sponsored  by  the  U.S.  Air  Force  under  Contract 
F09603-83-C-1680. 


7.0  REFERENCES 

1.  Parker,  L.  W.  and  H.  W.  Kasemir,  Airborne  warning 
systems  for  natural  and  aircraft-initiated  light¬ 
ning,  IEEE  Trans.  Electromagnetic  Compatibility 
EMC-24 ,  137-158  (1982). 

2.  Parker,  L.  W.,  Errors  in  lightning 
direct  ion- finding  by  airborne  crossed  loops,  Inter¬ 
national  Aerospace  and  Ground  Conference  on  Light¬ 
ning  and  Static  Electricity,  Ft.  Worth, 
DOT/FAA/CT-83/25 ,  Paper  #57  (1983). 

3.  Parker,  L.  W.  and  H.  W.  Kasemir,  Assessment  of  a 
lightning  detector  as  an  aid  in  strike  avoidance  by 
a  C-130  aircraft,  Lee  W.  Parker,  Inc.  Final  Report 
to  Warner  Robins  ALC  under  Contract 
F09603-83-C-1680  (Sept.  1984). 

4.  Reazer,  J.,  Data  acquisition  for  evaluation  of  an 
airborne  lightning  detection  system,  Draft  Report 
(Sept.  1982);  Walko,  L.  C.  and  J.  Reazer,  Air  Force 
Flight  Dynamics  Laboratory  Report  AFWAL-TR-83-3083 
(Sept.  1983). 

5.  Rustan,  P.  L. ,  B.  P.  Kuhlman,  A.  Serrano,  J.  Reazer 
and  M.  Risley,  Airborne  lightning  characterization, 
Air  Force  Flight  Dynamics  Laboratory  Report 
AFWAL-TR-83-3013  (Jan.  1983). 

6.  Baum,  R.  K.  and  T.  J.  Seymour,  In-flight  evaluation 
of  a  severe  weather  avoidance  system  for  aircraft, 
AFFDL  Report  AFVAL-TR-8G-3022  (1980). 

7.  Rozelle,  R.,  Weather  avoidance,  an  alternative  to 
radar,  The  A0PA  Pilot,  November  (1979),  pp.  95-105. 
(Also,  personal  communication,  1980). 

8.  Uman,  M.,  Lightning.  Dover  Publications,  New  York 
(1984).  See  also  Uman,  M. ,  A  review  of  natural 
lightning:  experimental  data  and  modeling,  IEEE 
Trans.  Electromagnetic  Compatibility  EHC-24 , 
79-112  (1982). 

9.  Johnson,  R.  L.,  D.  E.  Janota  and  J.  E.  Hay,  An  oper¬ 
ational  comparison  of  lightning  warning  systems,  J. 
Appl.  Met.  21,  703-707  (1982). 


10th  International  Aerospace  and  Ground  Conference  on  Lightning  and  Static  Electricity  363 


SPECIAL  PROTECTION  CIRCUITS  AGAINST  TRANSIENT  CURRENTS  FOR  AIRCRAFT  SYSTEMS 


J.L.  ter  Haseborg  and  H.  Trinks 

Technical  University  Hamburg -Harburg,  Harburger  Schlossstrasse  20 ,  2100  Hamburg  90,  F.R.G. 


Abstract  -  Concerning  the  time  domain  of  the  response  of  protection  circuits,  containing  non-linear 
electrical  components,  it  is  necessary  to  distinguish  between  the  "early-time-response"  and  the  "late¬ 
time- response".  For  example  in  case  of  multistage  circuits  with  arresters  as  coarse  and  suppressor 
diodes  as  fine  protection  the  early-time-response,  caused  by  the  responding  arresters,  may  show  extreme 
residual  pulses  independent  of  the  breakdown  voltage  of  the  diodes.  Responsible  for  the  response 
particularly  for  the  early-time-response  are  the  electrical  dimensions,  shieldings,  and  mainly  the 
arrangement  of  the  components  inside  of  the  protection  circuit.  Particularly  circuits  with  small 
mechanical  dimensions  show  a  typical  early-time-response  because  all  circuit  components  are  narrow 
neighbouring.  This  may  be  a  problem  for  electronic  aircraft  systems  to  be  protected  since  here  a 
minimum  weight  and  minimum  size  for  protection  circuits  is  required. 


I  -  INTRODUCTION 

It  is  difficult  to  realize  non-linear  protection  cir¬ 
cuits  for  signal  and  control  lines  which  show  can- 
paratively  low  residual  pulses  at  the  output  termi¬ 
nals,  e.g.  voltages  less  than  loV.  The  reason  for 
this  behaviour  are  the  comparatively  steep  edges 
which  are  produced  by  responding  non-linear  compo¬ 
nents  ,  especially  arresters. 


Fig.  1:  Response  of  a  gas  arrester  dependent  on  the 
edge  steepness  of  the  applying  surge 


Fig.  1  represents  the  response  of  a  gas  arrester 
applied  by  a  surge  with  2  kv/ps  or  with  1  kV/ns  re- 
sp«h:ively,  s.  [1]  Fig.  9,  [2],  [3].  The  value  2  kV/ 
ps  is  typical  for  LEMP- induced  surges.  In  this  case 
even  the  falling  edge,  caused  by  the  responding  gas 
arrester,  is  steeper  than  the  rise.  Changes  in  cur¬ 
rent  are  proportional  to  changes  in  magnetic  field 
and  therefore  a  high  edge  steepness  may  cause  extreme 
induced  voltages  in  loops  (wiring)  of  protection  cir¬ 
cuits  particularly  in  the  low-voltage  parts.  The 
amplitudes  of  these  interfering,  induced  voltages 
(early-time-response)  show  values,  dependent  on  the 
circuit  design  and  the  edge  of  the  pulse,  of  the 
order  of  several  hundred  volts  at  the  output  termi¬ 
nals  of  the  protection  circuit. 

Multistage  protection  circuits  with  arresters 
e.g.  as  coarse  protection  and  suppressor  diodes  e.g. 
as  fine  protection  are  of  special  interest.  In  this 
case  the  early-time-response  (approx  the  first  5o  ... 


loo  ns  after  response  of  the  arresters)  shows  extreme 
residual  pulses  and  oscillations  with  amplitudes 
which  are  largely  independent  of  the  breakdown  vol¬ 
tage  of  the  suppressor  diodes.  These  pulses  or  os¬ 
cillations  respectively  show  rise  times  down  to 
approx.  3  ns  or  frequencies  of  So  ...  loo  MHz  re¬ 
spectively.  Only  the  late-time-response  subsequent  to 
the  early-time-response  shows  values  identical  with 
the  breakdown  voltage  of  the  components.  Concerning 
the  development  and  realization  of  protection  de¬ 
vices  with  residual  pulses  which  are  bound  by  the 
breakdown  voltages  -  e.g.  of  suppressor  diodes  -  for 
the  early-time-response  as  well  as  for  the  late-time- 
response,  a  special  test  facility  is  required  for 
measuring  the  response. 


II  -  TEST  FACILITY 

The  registration  -  particularly  of  the  early-time- 
response  -  requires  sensors  and  recording  instruments 
which  allow  a  reproducible  detection  of  edge  steep¬ 
ness  up  to  several  kV/ns. 


kvi<niu.rt  wq 


circuit 

Fig.  2:  Test  facility  for  measuring  the  response  of 
protection  circuits 
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Fig.  2  shows  the  test  facility  consisting  of  a  pulse- 
generator,  a  device  containing  the  test  object  (pro¬ 
tection  circuit)  to  be  tested,  and  the  measuring  cir¬ 
cuit.  The  pulse-generator,  coaxially  constructed,  as 
well  as  the  test  object  are  arranged  in  two  separate 
shielding  boxes  to  prevent  field  coupling  from  the 
generator  to  the  test  object  and  the  measuring  cir¬ 
cuit.  This  is  important  particularly  for  test  objects 
with  comparatively  low  residual  pulses  <  lo  V.  In 
principle  there  exist  two  possibilities  for  measuring 
the  response: 

-  frequency-compensated  HV-probe 

-  current  sensor 

whereby  both  types  of  probes  can  be  used  in  connec¬ 
tion  with  a  storage  oscilloscope  or  a  transient  re¬ 
corder  (transient  digitizer)  respectively.  In  order 
to  detect  the  pulses  and  oscillations  of  the  early- 
time-response,  mentioned  above,  a  measuring  circuit 
with  a  high  3  dB-frequency  cutoff  of  15o  MHz  is  de¬ 
veloped.  Special  current  sensors  are  used  for  mea¬ 
suring  the  response  i~(t)  which  are  considerably 
smaller  compared  witn  typical  HV-probes.  Concerning 
protection  circuits  of  small  size,  e.g.  for  aircraft 
systems,  a  small  size  of  the  sensors  is  absolutely 
required.  The  test  pulse  u.(t)  is  measured  by  means 
of  a  frequency-caipensatediHV-probe. 


about  8o  MHz  show  values  cf  6oo  V.  In  Fig.  4d  and  5d 
the  late-time-response  for  t..  >  loo  ns*)  is  repre¬ 

sented.  Fig.  4d  evidently  shews  the  limitation  of  the 
output  current  to  i.  =  llo  mA  or  u~  =  33  V  respec¬ 
tively,  this  is  exactly  within  the^ range  of  the  break¬ 
down  voltage  of  the  suppressor  diode  according  to  the 
data  sheet  mentioned  above.  The  differences  between 
the  curves  showing  the  late-time-response  in  Fig.  4d 
and  5d  are  due  to  the  different  series  impedances  R 
and  L  in  the  protection  circuits.  The  two  curves  in 
Fig.  5d  belong  to  two  different  terminations  R?,  The 
shapes  of  these  curves  are  dependent  on  the  time  con¬ 
stant  L/R-. 

A  special  protection  circuit  has  been  developed. 
The  following  parameters  for  this  with  3oo  (2  ter¬ 
minated  circuit  were  given:  starting  from  an  applying 
surge  with  an  edge  steepness  up  to  1  kv/ns  a  limi¬ 
tation  of  the  output  voltage  -  for  both  the  early- 
time-  and  late-time-response  -  to  u_  =  9  V  (i  =  3ctnA) 
was  required.  According  to  Fig.  6  the  maxirnuiti  ampli¬ 
tude  of  the  early-time-response  is  even  considerably 
less  than  9  V.  The  differences  between  the  protec¬ 
tion  circuits  shown  in  Fig.  5  and  6  besides  different 
breakdewn  voltages  of  the  suppressor  diodes  and  dif¬ 
ferent  values  for  L,  essentially  consist  in  a  parti¬ 
cular  arrangement  of  the  arrester,  the  suppressor 
diode,  and  the  wiring. 


A[c/Bj 
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IV  -  CONCLUSIONS 

This  presentation  has  shown  that  the  arrangement  of 
the  ccnponents  and  the  wiring  in  protection  circuits 
may  influence  the  output  voltage  (residual  pulse) 
considerably.  This  is  particularly  a  problem  in  the 
case  of  protection  circuits  with  small  dimensions  as 
required  for  electronic  aircraft  systems  to  be  pro¬ 
tected.  For  low  frequency  systems  or  transmission 
lines  respectively  to  be  protected  which  are  not  ca¬ 
pable  to  transmit  the  oscillations  and  pulses  of  the 
early-time-response  only  the  limitation  in  the  late- 
time-response  is  of  interest  and  the  early-time-res- 
ponse  may  be  neglected. 


V  -  REFERENCES 


Fig.  3:  Frequency  response  and  pulse  response  of  the 
current  sensors 


Fig.  3  shows  the  typical  frequency  response  and  the 
typical  pulse  response  of  the  current  sensors. 

In  order  to  measure  the  output  current  in  a 
coaxially  terminated  protection  circuit  (e.g.  5of2)  a 
special  current  sensor  is  used  in  order  to  minimize 
pertubation  of  the  current  to  be  measured. 


Ill  -  MEASUREMENT  RESULTS 

Fig.  4  and  5  show  the  early-time-response  and  the 
late-time-response  of  two  different  protection  cir¬ 
cuits  -  terminated  with  3oo  12  -  consisting  of  two 
stages  (gas  arrester  and  suppressor  diode)  decoupled 
by  an  ohmic  resistor  or  inductance  respectively.  The 
edge  steepness  of  the  applying  surge  u.(t)  has  a 
value  of  about  3oo  kv/ps  causing  a  dynamic  threshold 
voltage  of  about  2  kv  as  shown  in  Fig.  4a  and  5a. 

The  Fig.  4b  -  c  and  5b  -  c  represent  the  early-time- 
response  (in  this  case  t  i  loo  ns)).  Although  the 
breakdown  voltage  of  theeSQppressor  diodes  amounts 
to  31,4  ...  34,7  V  according  to  the  data  sheet  the 
amplitudes  of  the  oscillations  with  a  frequency  of 
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Fig.  4/5:  Response  of  two  different  protection  circuits 

a)  Applying  surge  (response  of  gas  arrester) 

b) ,  c)  Early-time-response 
d)  Late-time- response 
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Abstract  —  Modem  transport  aircraft  use  advanced  technology  which  incorporates  multiple  digital  systems  and  makes  extensive 
use  of  composite  materials  for  secondary  structure.  Aircraft  power,  signal,  and  control  wiring  are  routed  through  structures  covered 
by  composite  materials.  Shielding  afforded  by  composite  materials  is  often  not  sufficient  to  reduce  the  lightning-induced  transients 
on  aircraft  wiring  to  acceptable  levels.  Wire  shielding  and  structural  shielding  using  foil  applied  to  composite  panels  can  be  used  to 
reduce  the  transient  voltage  levels  on  the  wiring  to  below  the  damage  threshold  level  of  the  equipment.  The  induced  transient 
voltage  levels  may  be  assessed  using  analytical  and/or  measurement  techniques. 

The  lightning  protection  design  of  a  modem  jetliner  is  dis:ussed,  along  with  details  of  an  airplane  ground  test  used  to  validate  the 
lightning  protection  design.  Measured  engine  control  wiring  voltage  and  current  responses  are  compared  with  calculated  values 
obtained  using  an  analytical/empirical  computer  model. 


1.0  PROTECTION  OF  ELECTRONIC  SYSTEMS 

The  design  of  lightning-induced  voltage  transient  protection  for  avion¬ 
ics  and  electrical  equipment  is  a  multi-step  process.  First,  the  light¬ 
ning  current  threat  waveform  (amplitude  and  time  history)  that  might 
strike  the  aircraft  must  be  defined.  There  are  currently  two  documents 
that  detail  test  levels  for  aircraft  lightning  tests.  These  documents  are 
the  FAA  Advisory  Circular  20-53  and  the  5AE  Committee  AE4L  re¬ 
port.  The  SAE  AE4L  report  was  released  in  1978  and  is  accepted  inter¬ 
nationally  as  a  valid  lightning  test  document.  The  work  reported  in 
this  article  is  based  upon  a  lightning  stroke  with  a  peak  current  of  200 
kA  and  a  probable  maximum  rate  of  current  rise  of  2  x  10u  A/sec  (air¬ 
plane  threat),  as  defined  in  Thble  II  of  FA  A  Advisory  Circular  20-53. 

Note:  The  Advisory  Circular  is  presently  being  revised  (AC  20-53A)  to 
use  a  peak  rate  of  current  rise  of  1  x  10“  A/sec  and  is  consistent  with 
the  SAE  AE4L  document. 

Second,  the  airplane  design  is  surveyed  to  identify  airframe  apertures 
where  electromagnetic  fields  can  be  created  by  the  lightning  current 
flow.  At  the  completion  of  the  aperture  survey,  the  voltages  induced  by 
a  specified  lightning  strike  in  wires  located  in  an  idealized  aperture 
are  calculated.  We  say  that  the  aperture  is  idealized  because  its  geome¬ 
try,  material  properties,  joint  impedances,  etc.  are  simplified  to  make 
the  problem  tractable.  The  voltages  calculated,  using  the  idealized 
model,  are  later  modified  by  revising  the  model  capacitances,  induc¬ 
tances,  and  resistances  to  fit  the  measured  data.  Once  this  has  been 
done  for  one  wire  across  an  aperture,  there  is  enough  assurance  of  the 
models'  effectivity  that  voltages  induced  in  other  wires  across  the  aper¬ 
ture  can  be  calculated.  Apertui*  analysis  invol.es  calculating  the 
open-circuit  voltage  (VK)  for  a  representative  unshielded  ’ire  crossing 
the  aperture.  Shielding  effects  due  to  aircraft  and  foil  s  •  e  considered 
before  a  final  open-circuit  voltage  value  is  derived.  Mease  red  results  of 
aircraft  with  similar  geometry  and  apertures  are  also  used  to  help  de¬ 
termine  if  the  initial  model  provides  data  that  is  in  the  right  range. 
The  contributions  of  all  apertures  along  a  wire  run  are  added  to  give  a 
total  open-circuit  voltage  value. 

Third,  the  levels  to  which  the  internal  wiring  Is  exposed  are  estab¬ 
lished.  The  actual  voltage  induced  In  wiring  is  controlled  by  one  or 
more  design  techniques.  The  simplest  is  to  route  wiring  away  from  the 
aperture.  Also,  the  use  of  metallic  material  such  as  aluminum  foil  or 
appropriately  spaced  bonding  straps  can  be  used  to  electromagneti- 
cally  close  the  aperture.  The  most  often  used  technique  is  to  shield  the 
wiring  with  conductive  braid. 


Even  though  at  this  stage  of  development  there  have  been  no  measure¬ 
ments  taken  to  validate  or  update  the  model,  comparative  assessments 
of  various  protection  schemes  can  be  conducted  at  this  time.  Thus,  a  ba¬ 
seline  design  can  be  developed  prior  to  the  availability  of  an  aircraft, 
but  the  system  designers  and  wiring  engineers  must  be  made  aware 
that  changes  may  be  required  as  a  result  of  the  model  update.  Because 
the  baseline  may  be  either  overdesigned  (overly  complex,  costly,  or 
heavy)  or  underdesigned,  the  model  update  phase,  using  actual  air¬ 
plane  measured  data,  is  very  important  (details  of  modeling  methods 
are  given  in  the  reference). 

It  is  almosr  inevitable  that  there  will  be  changes  to  the  design  as  a 
result  of  the  initial  airplane  test  and  resulting  model  update,  espe¬ 
cially  if  critical  control  systems  are  involved.  Wiring  separation  and 
system  isolation  are  important  considerations,  and  their  specifications 
must  be  available  to  the  protection  system  developer.  The  developer 
must  also  know  the  upset  and  damage  voltage  qualification  levels  of 
the  electronic  units:  he  or  she  may  even  influence  the  development  of 
new  specifications  if  systems  trade  studies  (cost,  weight,  maintainabil¬ 
ity,  etc.)  show  that  this  could  be  desirable. 

The  final  step  is  to  verify  the  analytical  model  and  the  protection  de¬ 
sign  by  testing  the  production  airplane.  When  test  time  is  limited  and 
the  aircraft  is  large,  it  may  not  be  practical  to  locate  the  test  item  in  a 
coaxial  configuration  to  produce  uniform  current  flow  over  the  struc¬ 
ture.  Also,  the  large  size  of  the  airplane  makes  it  difficult  to  test  to  the 
full  threat  level  with  respect  to  the  peak  current  and  maximum  rate  of 
rise. 


The  approach  is  to  configure  the  model  with  a  ground  plane  and  ana¬ 
lytically  excite  it  with  high  current  test  pulses.  This  model  is  thus  used 
to  determine  the  responses  that  would  be  expected  on  the  test  airpkne 
and  the  voltages  expected  on  the  wiring  to  the  electronic  units. 

For  the  airplane  discussed,  the  teat  current  waveforms  were  chosen  to 
be  consistent  with  the  1978  SAE  AE4L  report  for  oscillatory  wave¬ 
forms  G1  and  G2.  The  G1  waveform  is  used  to  investigate  resistive  or 
diffusion  flux  effects,  and  was  conducted  at  2.5  kHz  with  a  peak  cur¬ 
rent  of  20,000  A.  The  G2  waveform  is  used  to  investigate  aperture 
coupling.  An  oscillatory  discharge  of  160  kHz,  with  a  peak  current  of 
20,000  A,  has  a  maximum  rate  of  current  rise  of  2  x  10>0  A/sec. 

The  peak  currents  of  the  G1  and  G2  waveform  and  the  maximum  rate 
of  current  rise  of  the  G2  waveform  are  1/10  full-scale  threat.  The  juati- 
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flcation  for  using  these  two  waveforms  to  validate  the  lightning  protec¬ 
tion  is  shown  in  Figure  1,  where  the  spectrum  of  the  test  currents  is 
compared  with  the  spectrum  of  1/10  the  design  threat;  i.e.,  the  G1 
waveform  simulates  the  lower  frequencies  of  lightning  and  the  G2 
waveform  simulates  the  higher  frequencies. 


Amplitude 
(A/Hz  dB) 


Figure  1.  G1,  G2  and  1/10  Severe  Threat  Frequency  spectrum  Comparison 


1.1  High  Current  lightning  That 

Figure  2  shows  the  test  setup.  Current  is  driven  into  one  wing  of  the 
aircraft  by  the  current  generators.  The  nacelle  on  the  opposite  wing  is 
connected  to  the  ground  plane.  This  setup  simulates  the  worst-case  cur¬ 
rent  path  through  the  aircraft  with  respect  to  induced  transients  on 
the  wiring  of  the  struck  engine. 

The  voltage  and  current  responses  on  selected  wiring  are  monitored 
through  a  fiberoptic  link.  Both  the  response  current  and  the  drive  cur 
rent  are  recorded  on  the  programmable  digitizer. 

Five  circuits  between  the  fuselage  and  engine  nacelle  were  selected  to 
be  monitored  during  the  high  current  discharges.  For  convenience,  it 
was  desirable  that  at  least  one  wire  in  each  circuit  be  grounded  in  the 
nacelle.  This  allows  measurement  of  open-circuit  voltage  or  short- 
circuit  current  by  proper  termination  at  the  fuselage  end  of  the  wire. 
Three  circuits  ran  from  the  electronics  bay  in  the  fuselage  to  widely 
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Figure  2  Pulse  Generator  and  Measurement  Test  Sebjp 


separated  locations  on  the  engine;  one  to  the  bottom  of  the  fan  cowl, 
one  to  the  engine  core,  and  one  to  the  electronics  engine  control  (upper 
fan  cowl).  The  fourth  circuit  monitored  was  the  electrical  throttle  link 
between  the  cockpit  and  the  electronic  engine  control.  In  the  case  of  the 
throttle  link,  both  primary  and  secondary  (fifth  circuit)  wiring  of  the 
dual  redundant  system  was  measured  for  induced  transients. 

1.2  Comparison  of  High  Current  Test  Results  and  Model 
Calculations 

The  measured  responses  are  shown  on  Tables  1  and  2  for  the  G1  and  G2 
generators  respectively.  The  responses  on  Thble  1  were  measured  with 
a  peak  current  very  near  23  kA  for  all  tests.  The  G2  peak  current  var¬ 
ied  from  6.8  to  19.7  kA  during  the  testing.  All  responses  on  Table  2 
have  been  linearly  extrapolated  to  a  peak  current  level  of  19.25  kA  for 
ease  of  comparison  with  the  calculated  data.  On  both  tables,  the  maxi¬ 
mum  response  of  all  circuits  is  listed  next  to  the  calculated  values. 
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Table  2.  Circuit  Responses  to  G2  ( 19.25  kA)  aircraft  Excitation 


Examples  of  the  test  data  are  compared  with  analytically  derived 
waveforms  from  the  computer  model  in  Figures  3  through  6. 

Figures  3a  and  3b  show  the  voltage  and  current  response  waveforms 
respectively  measured  on  the  engine  rpm  wiring  circuit,  as  a  result  of 
the  test  waveform  3c  produced  by  the  G2  Marx  generator.  Figures  4a 
and  4b  show  the  voltage  and  current  response  waveforms  predicted 
from  the  model  for  the  threat  waveform  shown  in  Figure  4c.  A  similar 
set  of  measured  and  model  waveforms  for  the  G1  test  waveform  are 
shown  in  Figures  5  and  6. 
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Figure  3  Measured  Waveform  Responses  for  Engine  Circuit  Test  When 
Airlrame  Was  Subjected  to  Output  of  G2  Marx  Generator 


Figure  6.  Calculated  Waveform  Responses  for  Engine  Circuit  when  Modul 
Was  Subjected  to  Simulated  Output  of  G1  Capacitor  Bank 


The  measured  response  waveforms  have  a  shape  similar  to  the  calcu¬ 
lated  waveform,  but  of  lower  amplitude. 

1.3  Updated  Model 

It  is  a  goal  to  eliminate  the  expensive,  lime  consuming  pulse  tests  for 
protection  design  validation  and  to  use  the  analytical/empirical  model 
instead.  The  calculated  responses  are  expected  to  be  larger  than  the 
measured  results  because  worst-case  connector  and  bonding  strap  con¬ 
tact  resistances  are  used  in  the  model  to  account  for  production  varia¬ 
tions  and  aging  effects.  Thus,  this  approach  may  be  more  realistic  than 
pulse  testing  because  it  is  not  economically  feasible  to  test  a  statisti¬ 
cally  sufficient  number  of  airplanes  to  account  for  the  production  and 
aging  variations. 


Figure  4.  Calculated  Waveform  Responses  for  Engine  Circuit  Test  When 
Model  Was  Subjected  to  Simulated  Output  at  G2  Marx  Generator 
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Figure  5.  Measured  Waveform  Responses  for  Engine  Circuit  Tent  When 
Airframe  Wfcs  Subjected  to  Output  at  Gt  Capacitor  Bank 


Swept-CW  tests  were  conducted  concurrently  with  the  pulse  tests  on 
the  production  aircraft.  The  swept-CW  measurements  were  used  to  up¬ 
date  the  analytical  model  of  the  production  airplane.  Figure  7  shows 
the  open-circuit  voltage  response  for  both  the  post-test  model  and  the 
pre  test  model  as  the  result  of  a  lightning  attachment  of  a  severe 
stroke  to  the  engine  nacelle.  The  severe  threat  waveform  is  also  shown 
for  reference. 
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Figure  7.  Calculated  Waveforms  Which  Show  Pretest  and  FTist-Test  Model 
Results  for  a  Severe  Lightning  Threat 
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This  waveform  was  derived  by  changing  the  ground  test  structure  pa¬ 
rameters  (L,  C,  radiation  resistance)  to  the  inflight  parameters  (analyt¬ 
ically  derived)  and  loading  the  attachment  points  with  the  assumed 
threat  impedance  of  500  ohms.  The  approximately  2-MHz  core  wire 
resonance  is  close  to  the  resonant  frequency  of  the  600  V  1-MHz  test 
waveform  used  to  qualify  the  electrical  equipment. 

2.0  CONCLUSIONS 

Extensive  use  of  composite  materials  in  structure  and  increased  reli¬ 
ance  on  critical  electrical/electronic  controls  require  a  comprehensive 
effort  to  protect  aircraft  wiring  and  systems  from  the  effects  of 
lightning-induced  transient  voltages  and  currents. 

Lightning  apertures  on  the  aircraft  were  identified.  Detailed  analysis 
at  each  aperture  calculated  the  voltages  to  be  induced  on  signal  wiring. 
Shielding,  cable  overbraid,  bonding  jumpers,  and  aluminum  foil  were 


used  to  provide  the  necessary  levels  of  protection.  Line  replaceable 
units  (electronic  units)  wure  designed  and  proof-tested  to  a  specified 
voltage  waveform. 

For  the  design  described  herein,  the  analytical  model  updated  by  swept 
CW  measurements  indicates  a  maximum  lightning-induced  transient 
of  220  V  open  circuit:  Linear  extrapolation  of  the  pulse  test  measure¬ 
ments  results  in  an  open-circuit  voltage  of  78  V  on  a  typical  engine 
wire.  The  results  of  both  methods  show  the  transient  voltages  to  be 
well  below  the  600-V  equipment  qualification  requirement. 
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TIME-CONVOLUTED  HOTSPOT  TEMPERATURE  FIELD  ON  A  METAL  SKIN  DUE  TO  SUSTAINED  ARC  STROKE 
HEATING 


T.S .  Lee*  and  W.Y.  Su 

Institute  of  Technology 3  University  of  Minnesota ,  Minneapolis ,  Minnesota  55455 ,  U.S.A. 

Abstract  -  For  the  heat-conduction  problem  of  frontal  arc  strike  on  a  metal  skin, 
the  response  of  hotspot  temperature  field  to  impulse  heating  was  recently  analyzed 
(Proc.  1984  International  Aerospace  &  Ground  Conference  on  Lightning  &  Static 
Electricity,  p.  27-1).  The  results  as  developed  apply  whenever  the  arc  dwell  time 
is  insignificant  compared  against  relevant  heat  diffusion  times.  This  last  re¬ 
quirement  is  not  met  in  many  field  and/or  laboratory  conditions.  In  this  work,  we 
extend  the  theory  to  the  more  general  time-dependent  source  prescription  by  taking 
advantage  of  the  system  linearity  and  introducing  a  formulation  based  on  time 
convolution.  Integral  formulas  are  formally  derived  and  their  utilization  in 
practical  arc-heating  work  is  examined.  The  results  have  been  applied  to  experi¬ 
ments  on  Titanium  and  Aluminum  plates  subjected  to  sustained  heating  due  to  step 
switch-on  DC  arc  sources  with  reasonable  agreements. 


INTRODUCTION 

By  way  of  an  initial-value  problem,  the 
diffusion  in  a  finite  plate  of  spark- 
stroke  or  pulsed-laser  heating  away  from 
the  surface  strike  region  was  analytically 
treated  in  a  previous  work  (11.  Formulated 
in  the  natural  cylindrical  geometry  as 
shown  in  Fig.  1.,  the  results  apply  to 
experimental  situations  in  which  the  char¬ 
acteristic  time  of  thermal  conduction 
through  the  plate  far  exceeds  that  of  the 
heat  release.  In  essence,  we  regard  the 
predicted  temperature  rise  in  the  plate  as 
a  response  to  a  total  impulse  excita¬ 
tion  power  of  i(t)  calories/ sec.  This 
causal  relationship,  based  on  inherent 
system  linearity,  is  illustrated  in  Fig.  2, 
with  the  corresponding  unit  impulse 
response  given  by 

h(r,z,t)  -  (fcjia2  )"1F(r,t)G(z,t)  deg.c/cal.,<  1) 


In  addition,  if  a  "thin-disk"  model  (p-#0) 
for  the  heating  cell  is  used,  we  further 
have 

G(z,t)  -  1+2 

TIME-CONVOLUTED  RESPONSE 

In  many  situations  involving  arc  spot 
heating,  the  energy  input  is  not  instantan¬ 
eous.  Rather,  it  may  prolong  over  a  scale 
of  time  on  the  same  order  of,  or  greater 
than,  the  characteristic  heat  conduction 
time  through  the  plate.  Under  those  circum¬ 
stances,  the  initial-value-problem  approach 
is  inadequate.  In  its  place,  an  approach 
based  on  time  convolution  for  prediction  of 
temperature  response  to  a  time-dependent 
continuous  heating  is  required. 


/  V  f-l)B  2  a+V 

F(r,t)  B205l(s+l)l  <~5k )  M***) 

C(  * ,  t)«l+2 (  -l  )“iiBe(  COS  <aV-)«p(-(a¥-)2t] 


slnex  s  slnx/x 


In  the  particular  case  of  hotspot  (r  -  0, 

z  *  0),  the  result  simplifies  to 

F(r,t)  -  1  -  exp (-  -Tj4-j-)  (2a> 


Consl+er  in  Fig.  3  the  overall  input- 
output  relationship.  If  we  denote  by  pit), 
in  cal. /sec.,  the  instantaneous  input 
heating  power  starting  at  an  initial  t  =  0 
instant, then  the  temperature  response  at  a 
general  field  point  in  the  plate  is 


T(r,z,t)  -  p(t)  *  h(r,z,t)  .  <3) 


where  the  symbol  *  stands  for  convolution 
integration  12).  Expressed  explicitly, 
this  is 

T(r,z,t)  -  p(r)h(r,z,t-t  )dt  .  (4) 

J0 

An  alternate  form  of  this  response  is 
,t 

V'r,z,t)  -  p(t-r)h(r,s,t  )dC  ,  (5) 

'0 
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ARC  HEATING 

The  instantaneous  input  power  p(t)  for 
arc  heating  may  be  written  as 


In  equation  (6),  i(t)  is  the  instantaneous 
arc  current.  J  is  a  constant  linking 
heat  unit  to  mechanical  unit.  For 
example,  J  =  4.17  Joule/Calorie.  In  stable 
operations  of  an  electric  arc,  the  voltage 
supply  is  typically  insensitive  to  changes 
in  current  i(t).  In  the  case  of  a  cathode 
electrode  heating,  it  is  often  practicable 
to  regard  the  “cathode  drop"  voltage 
(typically  10  to  30  volts)  as  a  quantity 
indicative  of  the  level  of  power  being 
introduced.  However,  in  most  high-current 
arc  work  situations,  it  is  the  metal 
evaporation  on  the  front  surface  which 
accounts  for  most  of  the  heating  power 
available.  Thus,  being  associated  with  heat 
conduction  in  the  plate,  the  nominal 
voltage  v(t)  in  equation  (6)  can 
conceivably  be  taken  as  a  moderate  fraction 
of  the  total  cathode-drop  voltage. 

CONSTANT  ARC-CURRENT  HEATING 

In  applications  where  a  constant- 
current  I  is  turned  on  at  an  initial  time, 
the  nominal  voltage  v(t)  may  be  regarded  a 
constant,  V.  Consequently, 

p(t)  -  P  u(t)  ,  <7) 

where  u(t)  *=  unit  step  function 
P  =  VI/J  , 
as  illustrated  in  Fig.  4. 

By  inserting  equation  (7)  into  equation 
( 5 ) ,  we  have 


High-current  DC  power  sources  have  been 
routinely  used  to  provide  sustained  arc 
heating  to  metal  plates  (principally  Al)  at 
the  Lightning  and  Transients  Research 
Institute.  Tne  results  obtained  here  have 
been  found  to  predict  the  overall  heating 
characteristics  well. 

For  a  more  systematic  comparison,  we 
use  test  data  measured  by  Kofoid  (3). In  his 
experiments,  the  temperature  attained  at 
the  backside  of  the  test  metal  sheet  was 
determined  by  the  use  of  "Tempi laq" 
temperature-indicating  coatings.  (For 
details  of  the  tests  performed,  the  reader 
is  referred  to  Reference  3.)  The  discharge 
currents  ranged  from  20  to  2900  A.  For  Ti 
and  Al  test  sheets  of  selected  thickness, 
the  time  it  takes  to  reach  a  melting 
temperature  of  respectively  1320  degrees  C 
and  620  degrees  C  is  called  critical 
temperature  time  and  is  denoted  by  Tt  .In 
Table  I,  parameters  pertinent  to  Ti  and  Al 
sheets,  one  each,  are  listed.  The  current 
levels  in  successive  tests  are  160,  3-0, 
800,  900,  1800,  and  2800  Amperes  for  the 
0.225  cm  Ti  plate  and  420,  480,  600,  710, 
900,  1100,  1450,  1900,  and  2300  Amperes, 
respectively.  The  critical-temperate  time 
Tc  for  each  test  is  duely  recorded  and 
shown  in  Fig.  6.  Reference  4  also  discussed 
the  stroke  sizes  based  on  empirical 
observation.  It  was  recommended  that  for 
most  arc  work  an  average  invariant  current 
density  J$  ■  I/jta*  of  50,000  A/cma  and 
17,000  -  36,000  A/cma  for  Ti  and  Al 
respectively.  In  our  use,  we  choose  the 
value  of  36,000  A/cma  for  the  Al  plate. 

For  theoretical  prediction  we  have 
used  equations  (1-2)  and  (8)  or  the  hot 
spot  temperature  based  on  a  "thin-disk" 
source  model.  For  each  plate  a  suitable 
nominal  voltage  V  is  chosen  to  match  the 
experimental  results.  In  Figure  6,  the 
prediction  curves  have  been  drawn, 
corresponding  to  V  »  23  volts  for  Ti  plate 
and  V  ■  3.5  volts  for  Al  plate  used. 


T(r,z,t)  -  P 


P  f  u(t-  T  )h(r,z,  t  )dt 
J  0 

P  (  h(r,s,t)dX 
7  n 


Typical  predictions  using  equation  (1)  or 
equation  (2)  and  equation  (8)  are  of  a  form 
illustrated  in  Fig.  5,  in  which  the 
temperature  T  at  any  field  point  is  shown 
to  approach  its  long-term  asymptotic  value 


T(r.t) 

m 


(9) 


It  can  be  seen  that  the  experimental 
and  theoretical  variations  of  Tt  with  I  are 
generally  in  reasonable  agreement.  The 
apparent  disagreement  for  the  lower  current 
case  (I  «  160  A,Ti)  can  be  attributed  to 
the  fixed  choice  of  50000  A/cmx  .  This 
value  is  quite  reliable  for  high  currents. 
For  a  low  arc  current,  it  tends  to 
underestimate  the  stroke  size  a.  For  the 
Aluminum  plate,  a  rather  small  3.5  volts 
for  V  appears  to  be  necessary  for 
simulation.  This  aspect  may  be  attributed 
to  the  fact  that  the  boiling  temperature 
for  Al  is  not  too  high.  Before  the  backside 
temperature  reaches  melting  at  the  hotspot, 
considerable  heat  may  have  gone  into  evapo¬ 
rating  the  surface  metal  in  a  total  energy 
balance.  Thus,  the  nominal  power  left  for 
heat  conduction  P  is  accordingly  reduced. 


corresponding  to  an  ultimate  steady-state  CONCLUSION 
stabilization. 

A  time-convoluted  heat-conduction 
COMPARISION  WITH  EXPERIMENTS  theory  has  been  presented  for  use  when  the 

source  power  for  heating  a  metal  plate  is 
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sustained  in  time.  Limited  comparison  with 
experimental  data  shows  that,  used 
judiciously,  it  can  lead  to  reasonable 
agreement. 


Glossary  of  Symbols 


F 

G 

I 

J 

Jo 

K 

P 

T( r, z , t) 
Tt 

T*(r,z) 

V 

a 

b 

c 

h(r,z,t) 
i  (t) 
k 

p(t) 

r 

z 

f 


defined  in  eq.  (1) 
defined  in  eq.  (1) 
current  level 

work-heat  equivalence  constant 

arc  current  density 

square  root  of  thermal  diffusity 

(k/pc  re¬ 
defined  in  eq.  (1) 
power  level 

temperature  at  field  point 
critical-temperature  time 
asymptotic  temperature,  eq.  (9) 
voltage  level 

radial  dimension  of  heating  cell 

plate  thickness 

specific  heat 

impulse  response 

current 

heat  conductivity 
heating  power 
radial  coordinate 
axial  coordinate 
heating  cell  depth 
mass  density 
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Table  I  Parameters  Related  to  Titanium  and  Aluminum 
Sheets  Used  in  Tests 


Parameters 

li 

Al 

mass  density 
(g/cnr) 

4.4 

2.7 

specific  heat  c 
(cal./g/ *  C) 

0.16 

0.217 

heat  conductivity  k 
(cgs ) 

0.04 

0.504 

Critical  temperature  T6 
(  #C) 

1320 

620 

Arc  current  density  J0 
(A/cm2) 

50,000 

36,000 

Thickness  b 

0.225 

0.203 

(cm) 


Fig.  4  -  Heating  power  input  for  a  constant 
current  arc. 


Fig.  5  -  Temperature  responce  at  a  field  point 
to  constant-current  arc  heating. 


Steady  Discharge  Current  (Amperes) 
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Time  in  Seconds  to  Attain  Critical  Temperature 


Fig.  6  -  Relation  between  the  critical -temperature 
time  T0  and  the  current  level  I.  Experimental 
data  points  are  from  Ref.  3  and  the  theoretical 
curves  are  calculated  from  equation  (8). 
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RING  DISCHARGE  ON  THE  BACKSURFACE  OF  A  COMPOSITE  SKIN  WITH  OHMIC  ANISOTROPY  IN  RESPONSE  TO 
FRONTAL  HIGH  CURRENT  INJECTION 
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Abstract  -  Backsurface  discharge  on  a  composite  fuel  tank  skin  under  lightning 
strike  conditions  has  been  previously  identified  iProc.  1984  Intern.  Aerosp.  and 
Ground  Conf.  on  Lightning  and  Static  Electricity,  p.  32-1]  as  a  potential  hazard 
to  aircraft  independent  of  those  investigated  in  the  past.  Whenever  the  stroke 
current  exceeds  a  fixed  level  in  amplitude,  surface  breakdown  in  the  shape  of  a 
ring  centered  around  the  hotspot  at  a  radial  dimension  on  the  order  of  that  of  the 
stroke  becomes  possible. 

Conventional  composite  skins  contain  impregnated  fiberous  layers,  resulting  in 
anisotropic  electrical  properties.  In  the  present  work  we  have  investigated  the 
influence  of  this  anisotropy  through  a  simplifying  model  using  a  longitudinal 
conductivity <5  (perpendicular  to  skin)  and  a  separate  transverse  conductivity^ 
(parallel  to  skin).  It  is  demonstrated  that  the  axially  symmetric  field  can  be 
dealt  with  by  methods  of  the  conventional  potential  theory  (Laplace  equation  in 
governance)  through  a  transformation  of  cylindrical  coordinates  in  which  the 
longitudinal  length  scale  is  expanded  by  a  factor  of  (°J(/QI >  .  By  centering 
attention  on  the  region  near  the  backsurface,  we  have  reached  two  important 
conclusions: 

1.  The  current  flow  pattern  contains  a  stagnation-dominated  near-field 
region  and  a  geometry-dominated  far-field  decaying  region.  Further 
more,  such  a  pattern  is  unaltered  by  anisotropy  in  conductivity.  The 
accompanying  non-colinear  electrical  field  pattern  is  markedly 
distorted,  however. 

2.  All  conclusions  concerning  ignition  hazard  derived  from  the  model  of 
a  uniform  scalar  conductivity  for  the  skin  previously  examined  remain 
intact. 

INTRODUCTION 

Carbon  Reinforced  Composites  (CRC)  are 
extensively  employed  in  advanced  aircraft 
structures.  Their  susceptibility  to 
lightning  strikes  when  used  in  fuel  tank 
skins  is  of  major  concern.  It  has  long  been 
intimated  that  a  lightning  attachment  to  an 
unprotected  CRC  tank  skin  may  cause 
internal  sparking  at  fasteners  and  hot 
spots  inside  the  tank  with  a  peak 
temperature  in  excess  of  the  autoignition 
temperature  of  the  fuel  vapor.  In  a  recent 
work  II],  hazard  mechanisms  based 
on  combined  mechanical  -  electrical 

considerations  were  suggested  to  account 
for  observations  in  actual  pulsed-arc  tests 
of  CRC  skins. 

Actually,  in  the  same  work  [1],  quite 
apart  from  thermal  and/or  mechanical 
sources,  a  potential  ignition  hazard  of  a 
purelv  electric  origin  was  identified. 

\ccording  to  this  model  mechanism, 
lightning  current  injection  introduces 
electric  field  in  the  skin.  With  highly 
-esistive  materials  like  graphite,  current 
relaxation  time  is  far  smaller  than  the 
characteristic  time  of  the  current 


variation.  In  consequence,  the  electric 
field  is  largely  ohmic  and  a  quasistatic 
picture  suffices.  The  f.  aid  on  the  exposed 
inner  surface  near  the  ,-enter  of  symmetry 
is  small  at  small  radii  due  to  current 
stagnation  and  small  again  at  large  radii 
due  to  radial  current  dispersion.  Near  an 
intermediate  radius  on  the  order  of  the 
lightning  arc  dimension,  this  surface  field 
peaks.  With  the  inner  surface  exposed  to  a 
fuel-vapor  mixture,  a  potential  hazard 
exists  when  the  local  potential  gradient  on 
the  surface  exceeds  its  breakdown  value. 
This  corresponds  to  a  situation  in  which 
the  total  lightning  current  rises  above  a 
certain  minimum  level  with  the  result  that 
the  pattern  of  radial  surface  breakdown 
will  be  in  the  shape  of  a  finite  ring  with 
a  mean  radius  comparable  to  the  stroke 
channel  dimension.  Figure  1  illustrates  the 
topology  of  such  a  "ring  discharge*. 

Modern  CRC  skins  utilize  layers  of 
impregnated  fibers  for  strength 
reinforcement.  As  a  result,  material 
properties  are  significantly  anisotropic, 
both  mechanically  and  electrically.  In  Ref. 
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1,  the  hazard  due  to  ring  discharge  on  the 
back  surface  was  treated  on  the  assumption 
of  uniform  isotropic  conductivity,  (J-  , 
throughout  the  skin.  The  degree  of 
reasonableness  of  that  assumption  was  not 
investigated.  In  this  work,  we  shall 
reexamine  the  ring  hazard  problem  by 
adopting  a  model  of  anisotropy  in  electric 
conductivity.  Specifically,  if  we  designate 
the  direction  in  which  current  is  injected 
as  the  longitudinal  direction  (  2  )  and 
with  it  a  conductivity  value  of  . 
Concurrently,  we  allow  a  separate 
conductivity  value  of  ,  for  transverse 
directions.  Hence,  a  Cartesian 
conductivity  matrix  [  <T  ]  may  be  defined 
through 

J  E  (1! 
—  > 


or 


Equation  (9)  transforms  (7)  into 


1  3  v 

r  9  r 


( 


<11 


0 


COORDINATE  TRANSFORMATION 


(9) 


(10) 


where 

<rn  0  o' 

0  o;  0 
o  0  «i 

E  is  the  electric  field  and  J.  is  the 
current  density.  The  lightning  current 
field  has  solenoidal  symmetry.  Thus,  we 
readily  relate  the  radial  and  the  axial 
components  of  both  £  and  £  through  (1)  as 


Equation  (10)  is  a  linear,  homogenious, 
second-order,  partial  differential  equation 
governing  V.  Its  solution  may  be 
facilitated  by  replacing  the  system  of 
cylindrical  coordinates  (  r,$,  2)  with 
a  new  system  of  cylindrical  coordinates 
(  R,  $ ,  Z).  Specifically,  we  use 


§  *  ^ 

Z  =  (  (17,/  02  )'/2z 


(11) 
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■Jz. 
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(2) 


in  a  cylindrical  coordinate  system. 
Implicit  are  a  field  structure  and  a 
current  structure  in  the  form 


Err+  Ez* 


J  -  Jr  r  +  JE  z 


(3) 

(4) 


As  vector  fields,  they  are  not  locally 
colinear . 


in  effect  contracting  the  longitudinal 
length  scale.  At  the  same  time,  if  we  write 

V(r,z)  5  7(R,Z) , 

equation  (10)  becomes 

=  0  ,  (12) 


where  V*is  a  Laplacian  operator  in  the  new 
coordinate  system.  Solutions  to  this 
Laplace  equation  are  better  documented  and 
known  than  those  to  (10). 


EQUATIONS 

The  charge  conservation  law  as  applied 
to  a  quasistatic  field  is 

7-  J  -0  #  (5) 

which  imposes  the  divergence-free 
constraint  on  J.  .  In  view  of  (4),  this 
equation  is  equivalent  to 

rJr  >*£<  J.)-°  .  <6) 

By  (2),  we  have 

-^^(rEr)>  «i^(E#)-0  <  (7) 

At  this  point,  let  us  introduce  a  scalar 
electric  potential  V  <r,*)  such  that 


SOLUTION  DESCRIBING  CURRENT  FIELD  NEAR 
BACKSURFACE 


1.  Nearfield:  -  Field  in  the  current- 
stagnation  region  (r  <<  a). 

Equation  (12)  has  the  special  solution 

f(a.z)  -  S  [tf/2).7?]  +  P  (  (13) 

where  S  aid  P  are  constants.  By  (11),  this 
is 

V(r,*)  -  s[(r2/2)-(07i/<Jl)*2  J  +P  (14) 

In  correspondence,  (2)  and  (9)  help  yield 

E  -  -  Sr 
r 

Ez  -  2S(«#/®I)s 


5  -  -  r  v 


(8) 
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Jr  -  -  S^r 


(15) 


Ez- 


0 


J2  -  2S  CJ  z 

In  Fig.  2(a),  constant  V  curves  are 
hyperbolas  in  the  new  (R,Z)  coordinates. 
The  corresponding  constant  V  curves  are 
also  hyperbolas,  when  plotted  in  the 
physical  coordinates  (r,z).  These  are  now 
shown  in  Fig.  2(b),  in  which  we  have  also 
shown  the  £  fluxlines  as  dotted  curves  and 
the  J  fluxlines  as  solid  curves.  The  non¬ 
colinearity  between  E  and  2  fluxes  are 
readily  apparent. 

In  Ref.  1,  we  constructed  the  current 
■  field  for  the  case  of  an  isotropic 

conductivity,  out  of  an  analogy  with  the 
fluid  velocity  field  for  an  axially 
symmetric  steady  incompressible  stagnation 
flow.  In  the  present  case,  no  convenient 
analogy  is  apparent.  Nevertheless,  an 
examination  of  (15)  reveals  that 

Jr(  o,  z  )  -  0 
Jz(  r,  0  )  -  0 

satisfying  precisely  the  kinds  of  boundary 
conditions  required  of  a  stagnation  flow. 
Hence,  the  choice  of  the  particular 
solution  (13)  or  (14)  for  representation  is 
justif ied. 

The  constant  S  used  in  (13)— (15)  may  be 
judiciously  estimated  by  the  following 
scheme:  The  current  injection  takes  place 
over  an  effective  area  of  X  a*  on  the 
outer  surface  at  an  elevation  of  z  =  b.  We 
identify  J^Co.b)  with  the  mean  injection 
density,  i.e., 

J  (  0,  b  )  -  -  i/rta2 

Zt  • 

which,  by  (15),  determines 

S  -  -  l/2HaZb  <17, 
resulting  in 

E  -  Ir/2Jta2b  <JTi 

\  "  -  Iz/h.*2b«i 

J  -  Ir/2  m2b 

Jz  -  -  I*/»la2b  .  (16> 


2.  Far  field  in  the  skin  (r  >>  a). 

In  this  limit,  the  physical  expectation 
is  that  the  injected  current  will  be 
conducted  radially  away.  The  cross-skin 
flow  will  cease  and  the  radial  conduction 
will  be  uniform.  Thu3,  at  larger  r,  we  have 


Jr  -  1/2  nbr 

JB-  0 

Er  -  l/2*b«Jr 


v  -  -  -life?;  lnr  + 1  • 

where  q  is  a  constant. 

The  field  strength  on  the  backsurface 
is  given  by  Er  (r,o).  Its  characterizations 
in  the  near  field  and  the  far  field  are  now 
in  hand,  in  (16)  and  (17),  respectively.  To 
appreciate  the  overall  distribution,  we 
have  sketched  these  in  Figure  3.  Peaking  of 
the  field  strength  occurs  near  r  =  a  at  a 
magnitude  on  the  order  of  1/2  TtabCTJj  .  If 
the  breakdown  strength  of  the  contiguous 
fuel  vapor  is  Et  ,  then  there  is  a  critical 
current  level 

Ic-2?lab<HEo  (  (18) 

above  which  a  hazard  by  way  of  ring-shaped 
surface  discharge  must  definitely  be 
reckoned  with.  To  obtain  a  nominal  value 
for  It  under  operating  conditions,  let  us 
assume  that  the  aircraft  is  at  an  altitude 
of  30,000  ft.,  for  which  we  use  E{ 
approximately  equal  to  6  KV/cm.  For  a 
painted  skin  of  thickness  b  2*  1mm,  the 
typical  stroke  size  is  on  the  order  of 
a=l  mm.  Equation  (18),  thereupon,  gives 
I{a<80  kamps,  a  value  within  the  experiences 
of  natural  lightning  phenomena. 

Discussions 

1.  The  model  is  based  on  the  assumption 
that  the  lightning  current  I(t)  is 
specified  a  priori ,  as,  for  example, 
may  be  provided  by  an  idealized 
current  source. 

2.  As  seen  in  (16)  and  (17),  the  current 
field  distribution  is  unaffected  by 
anisotropy  in  resistivity.  The 
corresponding  electric  field  is 
markedly  distorted,  however. 

3.  The  constants  P  in  (13)  and  qin(17) 
are  immaterial  to  immediate 
discussions.  However,  they  are  meant 
to  be  chosen  in  such  a  way  as  to  lead 
to  mutual  compatibility  in  global 
mapping . 


Conclusions 

The  backside  discharge  hazard  to  a  CRC 
fuel  tank  skin  under  lightning  strike 
conditions  has  been  investigated  for  a 
model  utilizing  anisotropy  in  resistivity. 
Whenever  the  instantaneous  current  exceeds 
a  fixed  amplitude,  surface  discharge  in  the 
form  of  a  ring  centered  around  the  hot  spot 
with  a  dimension  on  the  order  of  that  of 
the  stroke  is  expected  to  occur.  The  skin 
curent  distribution  is  independent  of 
resistive  anisotropy. 

Conclusions  on  global  backsurface  field 
strength  drawn  from  previous  work  on  an 
isotropic  model  are  unchanged  by  the 
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introduction  of  anisotropic  resistivity. 
The  surface  field  pattern  depends  for 
quantitative  evaluation  on  the  strike 
current,  the  skin  thickness,  the  stroke 
size  and  the  transverse  conductivity  only. 

The  new  hazard  mechanism  of  backsurface 
ring  discharge  is  totally  separated  from 
hazard  mechanisms  •  based  on  thermal- 
conductions,  mechanical,  fastener-sparking, 
or,  ohmic-heating  concepts  which  have  been 
advanced  and  investigated  in  the  past.  It 
may  exist  in  combination  with  one  or  more 
of  those  named  in  a  realistic  lightning 
strike  situation.  Depending  on  the  stroke 
characteristics,  the  electrical,  mechanic¬ 
al,  and  thermal  properties  as  well  as  the 
thickness  of  the  skin,  its  relative  effect 
could  well  prove  significant  in  specific 
hazard  situations. 
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Figure  1.  Ring  Discharge. 

(a)  Lightning-Arc  Current  Injection,  b  Is  the  skin  thickness 
and  a  Is  an  effective  radius  of  the  frontal  stroke. 

(b)  Hazard  Band  on  Backside  of  Skin  in  Which  the  Surface  Is 
Vulnerable  to  Local  Gaseous  Breakdown. 
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Figure  3.  Radial  Variation  of  Back  Surface  Field  Strength.  Indicated 
Hazard  Band  Corresponds  to  the  Range  of  Radii  over  Which 
this  Field  Strength  Exceeds  Local  Breakdown  Threshold. 


10th  International  Aerospace  and  Ground  Conference  on  Lightning  and  Static  Electricity  383 
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ABSTRACT 

The  paper  gives  the  results  of  a  programm  performed  under  contract  to  the  German 
Ministry  of  Defence  by  German  Aerospace  Companies.  (Messerschmi tt-Bol kow-Blohm  GmbH, 
Cornier  GmbH,  I ndus tr i ea n 1 agen  -  Betr i ebsgesel 1 scha f t  mbH  and  the  Institute  of  Plasma¬ 
physik,  UNI-Hannover) . 

It  covers  surface  lightning  protection  systems  and  electrical  bonding  measures  for 
carbonfiber  -  reinforced  composites  (CFC)  structures. 

Furthermore,  the  influence  of  humidity  on  CFC  (solid-  and  sa ndwi c hpl a tes )  by  lightning 
strike  has  been  investigated.  Only  direct  effects,  that  means  influences  on  the  struc¬ 
ture  itself,  have  been  considered. 

As  protective  materials  aluminum  mesh  and  aluminum  mesh  with  a  dielectric  material 
( Kevl ar-fabri c )  have  been  regarded.  In  the  test  rig  at  the  Institute  of  Plasmaphysik 
(University  of  Hannover)  specimens  with  the  above  mentioned  protective  materials  were 
tested.  The  different  types  of  specimens  were  loaded  with  simulated  lightning  dis¬ 
charges  : 

-  Solid  CFC-plates  (1  mm)  protected  with  aluminum  mesh/  Kevlar-fabric 

-  Electrical  bonding  test  specimens  composed  of  a  solid  CFC-plate  with/without  metal 
protection  system  and  CFC-substructure 

-  Solid  CFC-plates  and  sandwich-plates  with  different  core  materials  (aluminum  and 
Nomex)  with  a  height  of  10  mm  and  50  mm  and  the  effects  of  the  influences  of  humid¬ 
ity  In  these  specimens  have  been  investigated,  tested  and  evaluated. 

In  a  further  step  electrical  bonding  test  specimens  composed  of  a  solid  CFC-plate  with 
different  structure  parameters  have  been  investigated,  tested  and  evaluated. 

Lightning  discharges  applied  to  the  specimens  were: 

100  kA  (0.25  .  106  A2s),  200  kA  (0.6  .  106  A2s), 

200  kA  (2.0  .  106  A2s). 

Test  results  will  be  presented  with  the  aid  of  damage  diagrams,  showing  specimens 
type,  applied  actual  electrical  discharge,  residual  strength,  test  number  and  damaged 
area  on  protection  system,  electrical  bonding  measures  on  composite  strjeture. 
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1  -  INTRODUCTION 

CFC  structures  for  secondary  and  primary  air¬ 
craft  components  will  be  increasingly  used 
at  present  and  in  future.  These  parts  are 
mainly  located  on  the  surface  of  the  air¬ 
craft  and,  therefore,  may  possibly  be  struck 
by  lightning,  depending  on  where  they  are 
located  on  the  aircraft. 

Basically,  such  a  lightning  strike  can  have 
two  different  influences  on  the  aircraft: 


B^)  -  Electrical  bonding  test  specimen  with 
CFC-substructure 

The  aim  of  the  investigation  was  to 
find  a  difference  between  titanium- 
screws  and  blind-rivets  as  well  as  wet 
or  dry  assembled  to  divert  the  current 
from  the  protection  into  the  CFC-sub¬ 
structure.  For  the  electrical  bonding 
several  designs  were  selected,  of 
which  the  following  types  shall  be 
demonstrated  (see  Fig.  2  and  3) 


indirect  effect  caused  by  electromagnetic 
fields  introduced  in  cables  and  electronic 
equioment  and  direct  effects  on  the  struc¬ 
tural  component  itself.  In  the  following 
paper  discussions  will  be  limited  to  di rect 
effects . 


-  bonding  type  °  titanium  screws 

(Fig.  2) 

°  bl  ind-rivets{ Stainless 
(Fig.  3)  Steel) 

-  assembly  type  °  wet 

°  dry 


II  *  SPECIMEN  GEOMETRY  AND  MANUFACTURING 

(*)  '  l°iil_£FC^2a tes_X_l_mm| 

The  dimensions  of  the  solid  plates 
iFig.  1)  are  400  x  400  x  1,3  mm.  These 
plates  are  composed  of  a  CFC-structure 
coated  with  protection  system  aluminum 
mesh  (100  g/m  )  and  Kevl ar-fahri c 
(Interglas  No.  98  605). 


The  aluminum  mesh  and  Kev 1 ar-fabr i c 
were  laid  up  on  wet  CFC-prepreg  and 
cured  in  one-shot  at  175  °C. 


/  NONCONDuCTivE  MUNT 
ALUMINUM  MESH  /  KEVLAR  -  FABRC 


-  protection  °  aluminum-mesh 
°  no  protection 

The  dimensions  of  the  electrical  bond¬ 
ing  test  specimens  are  402  x  200  x 
3,1  mm  and  it  is  composed  of  a  CFC- 
structure  either  coated  with  aluminum- 
mesh  or  not.  The  CFC-structures 
(plates)  were  drilled,  countersunk, 
screwed  and  riveted  with  the  CFC-sub¬ 
structure  (overl ap-joi nt ,  C-profile). 


Fig.  1  Oimension  of  solid  C'C  specimen 


Fig.  2  Bonding  type  titanium  screws 
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Fig.  3  Bonding  type  blind-rivets 


\  SPLICE  FM41 
ALUMINUM  MESH  /  KEVLAR  -  FABRIC 


Solid  CFC-plates  and  sandwich-plates 

The  aim  was  to  investigate  the  effects 
of  the  influences  of  humidity  of  the 
damage  area  in  the  CFC-structure  after 
simulated  lightning  strike.  The  dimen¬ 
sions  of  the  solid  plates  are  400  x 
400  x  1  and  3  mm.  The  plates  are  com¬ 
posed  of  a  CFC-structure  coated  with 
the  protection  systems  aluminum  mesh 
and  aluminum  me-li  with  Kevlar-fabric 
(similar  Fig.  1). 

The  dimensions  of  the  sandwi ch-pl a tes 
are  400  x  400  mm  with  a  core  thickness 
of  10  mm  and  50  mm.  The  different  core 
materials  (aluminum  and  Nomex)  were 
cut  and  bonded  with  CFC-facings  (thick¬ 
ness  1,0  mm)  by  a  high  temperature 
adhesive  film  cured  at  175  °C 
(Fig.  4). 

All  sandwich-plates  were  coated  with 
the  protection  systems  aluminum  mesh 
and  aluminum  mesh  with  Kevlar  fabric 
on  both  facings. 


Fig.  4  Dimension  of  CFC  sandwich 
specimen 

d)  -  Electrical  bonding  test  specimen  with 
different  structure  parameters 

The  aim  was  to  find  a  solution  to 
divert  the  current  through  the  overlap 
joints.  The  following  4  types  shall  be 


demonstrated  (see 

fig.  5,  6,  7,  8). 

-  bonding 

type 

0  CFC-CFC  without 

1  ntermed late 

lating  layer 

i  nsu- 

-  bonding 

type 

0  CFC-A1  with 

i nter- 

mediate  insulating 

layer  GFRP  + 
i  ng 

Seal  - 

-  bonding 

type 

0  CFC-A1  with 

inter- 

mediate  insulating 

layer  GFRP, 

Seal- 

i ng  +  liquid 

shim 

-  bonding 

type 

0  CFC-CFC 

with 

i ntermedi ate 

1  nsu- 

lating  layer 
ing  PR  1403G 

Seal  - 
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2  CFC  7  CONDUCTIVE  SEALING 

8  NONCONDUCTIVE  SEALING 


Fig.  5  CFC-CFC  without  intermediate 
insulating  layer 


12  SEALING  PR  1403 G  7  CONDUCTIVE  SEALING 

13  GFRP  •  LAYER  8  NONCONDUCTIVE  SEALING 

U  ALUMINUM 


Fig.  6  CFC-A1  with  intermediate  insu¬ 
lating  layer  GFRP  +  sealing 


12  SBALIBC  riUOIC  7  COB  DUCT  I VI  SBALIBC 

11  crip  -  laves  •  noBCOB duct i  v  i  ibalibc 

14  ALOMIBUN 

15  LIQUID  SB  IN 

Fig.  7  CFC-A1  with  intermediate  insu¬ 
lating  layer  GFRP,  Sealing  ♦ 
liquid  shim 


■•>  i 


I  crc  >  coimctiti  luuac 

II  IUI.IIC  MUOJC  •  (OaCMMCTITl  IK.L1IC 


Fig.  8  CFC-CFC  with  intermediate  insu 
lating  layer  Sealing  PR  1403G 


The  dimensionsof  the  electrical  bond¬ 
ing  specimen  are  403  x  200  x  3  mm  and 
it  is  composed  of  ?  CFC-structure 
coated  either  with  aluminum  mesh  and 
Kevlar  fabric  or  not.  The  CFC-plates 
were  drilled  and  countersunk  and 
screwed  with  titanium-bolts 
(0  5  mm).  For  the  gapsealing  conduc¬ 
tive  as  well  as  nonconductive  sealing 
were  used.  At  these  electrical  bonding 
specimens  the  residual  strength  after 
lightning  strike  were  investigated. 

All  specimens  were  painted  with  a  non¬ 
conductive  polyurethane  paint. 

The  peripheries  of  all  solid  plates 
and  sandwich-plates  were  freed  from 
paint  and  adhesive  (electrically  con¬ 
ductive  area  to  the  testframe). 

For  the  manufacturing  of  the  CFC-struc¬ 
ture  prepreg,  Fibredux  914C/T300  Ciba- 
Geigy  was  used.  The  CFC-structure  was 
the  same  for  all  specimens 
( 0/9C/+45/ -45 ) s . n . 

Ill  -  TEST  FACILITY  AT  THE  UNIVERSITY 
HANNOVER 

■  P.e  a  k  _c  i£r  r  e  n  _f  a  c  1_i_ 

The  current  facility  (Fig.  9)  enables 
simulation  of  the  components  of  the 
stroke  current  of  a  natural  lightning 
discharge.  The  source  is  set  up  to 
generate  pulses  from  10  to  200  kA  at  a 
maximum  action  integral  Ji2  .  dt  * 
2.5  x  i06A2s.  The  capacitor  bank 
consists  of  96  capacitors  (4.6  pF 
each)  arranged  in  couples  connected  in 
series.  There  are  4  sections  which  can 
be  electrically  separated  from  one 
another,  each  section  consisting  of  12 
groups.  One  of  the  sections  can  be  sub¬ 
divided  into  any  number  of  groups  from 
1  to  12.  The  peak  current  is  switched 
by  means  of  an  encapsulated  central 
spark  gap,  the  operating  voltage  of 
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which  is  controlled  over  a  wide  range 
of  variation  of  the  gas  pressure.  More¬ 
over,  the  damping  of  the  shock  circuit 
can  be  influenced  by  changing  the  num¬ 
ber  of  coaxial  conductor  cables  {a 
maximum  of  15)  between  the  capacitor 
bank  and  the  work  table.  Thus  the  set 
up  can  be  used  for  a  large  field  of 
parameters . 

‘  Continuing  current  facility 

As  soon  as  the  discharge  initiated  by 
the  current  pulse  impinges  upon  the 
test  specimen,  a  second  circuit  is 
closed  which  provides  a  current  of  100 
to  500  A  drawn  from  120  car  batteries 
at  a  total  voltage  of  1440  V.  The  cur¬ 
rent  and  its  duration,  i.e.  the  amount 
of  charge,  can  be  predetermined  by 
using  appropriate  series  resistors 
(24  x  6.G5  Q)  and  a  timer  (25  ms  to 
6  s).  A  current  of  500  A  is  still 
obtained  with  extended  test  samples 

having  a  higher  resistance  (maximum 

1  0). 

In  order  to  definitely  avoid  interrup¬ 
tion  of  the  current  during  this  phase 
of  the  discharge  -  usually  the  arc 
lengths  are  50  mm  -  a  low  resistance 
air  coil  of  20,5  mH  has  been  inserted 
in  the  circuit.  The  inductive  voltage 
will  sustain  the  arc.  Since  there  may 
be  50  kV  between  the  test  specimen  and 
the  electrode  opposite  to  it,  the  car 
battery  assembly  has  to  be  protected 
against  the  high  voltage  pulse.  The 
protective  device  is  a  two-stage  LC 
filtering  network  which  acts  as  a  volt¬ 
age  divider  at  the  frequency  of  the 
shock  discharge.  Additional  protection 
is  provided  by  the  low  pressure  protec¬ 
tion  gap  having  a  triggering  voltage 
200  V  above  the  battery  voltage. 


«tvw— —  **t  MrM 


Fig.  9  Circuit  of  the  lightning  simulation 
facility 

‘  Electrode,  dimensions  of  test 
specimen 

The  electrode  can  be  pointed  toward 
any  region  of  the  test  specimen,  thus 
permitting  several  loads  for  a  given 
specimen . 

The  electrode  is  a  tungsten  rod  (10  mm 
diameter)  held  in  a  brass  receptacle. 
The  bottom  end  of  the  electrode  is 
tipped  by  an  insulating  sphere  made  of 
Araldite.  Thus  the  current  will  flow 
from  an  electrode  surface  perpendicu¬ 
lar  to  the  surface  of  the  specimen, 
and  the  plasma  jet  emanating  from  the 
electrode  (containing  electrode  mate¬ 
rial)  will  not  hit  the  specimen  and 
affect  the  visual  appearance  of 
damage.  In  order  to  facilitate  break¬ 
down,  a  carbon  fiber  protruding  from 
the  electrode  is  used  which  ends  about 
10  mm  above  the  sample. 

The  maximum  dimension  of  the  specimen 
is  limited  by  the  size  of  the  test 
room  'nd  its  doors.  The  entrance  has  a 
height  of  1.95  m  and  a  width  of 
2.35  m.  The  test  room  will  accommodate 
lengths  up  to  9  m.  Objects  up  to 
2.65  m  x  2.55  m  x  6  m  may  be  tested  on 
an  adjacent  platform  which  can  be 
locked  up.  For  still  larger  objects, 
outdoors  tests  can  be  arranged. 
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-  Measuring  technique 

In  the  experiments  the  peak  current  is 
measured  as  a  function  of  time  using  a 
calibrated  Rogowski  coil  including  a 
calibrated  integrating  unit.  In  addi¬ 
tion,  the  continuing  current  is  meas¬ 
ured  using  a  insulated  amplifier  and  a 
digital  recorder.  The  data  are  then 
fed  into  a  desk  computer  for  calcula¬ 
tion  of  the  action  integral,  the  peak 
current,  the  rate  of  rise  of  current 
from  0  %  to  90  %  of  the  pulse  ampli¬ 
tude,  the  amount  of  charge  and  the 
average  of  the  continuing  current.  The 
curve  can  be  displayed  on  an  oscillo¬ 
scope  screen. 

Iv  -  PERFORMANCE  test 

The  tests  were  carried  in  following 
phases : 

Test 

specimen  type 

Phase  I: 

200  kA  peak  current,  (7)  (T)  (F)  (F) 

2  .  106A2s  action 
i ntt gra 1 

Phase  2: 

200  kA  peak  current, 

0,6  .  106A2s 
action  integral 

Phase  4: 

100  kA  peak  current,  fcj 

0.25  .  106A2s 
action  integral 

The  solid  plates  and  the  sandwich 
plates  were  loaded  several  times  per 
specimen.  The  electrical  bonding  speci¬ 
men  was  loaded  in  the  center  of  the 
specimen. 


The  specimen  was  stretched  in  a  rectan¬ 
gular  frame,  so  that  a  good  electrical 
contact  about  the  four  edges  from  the 
solid  plates  and  sandwich  plates  was 
guaranteed.  For  the  connection  of  the 
electrical  bonding  specimen  at  the 
test  frame,  brass  frames  were  used. 
Because  of  the  large  number  of  tests, 
a  small  selection  of  test  results  is 
presented . 

V  -  RESULTS  OF  LIGHTNING  TESTS 
-  Genera^ 

Test  results  are  shown  in  damage  dia¬ 
grams.  In  the  top  of  these  diagrams 
the  intended  actual  loading  of  the 
specimen  is  given.  On  the  left-hand 
side  of  the  diagrams  the  information 
about  the  damage  area  classification 
(in  width  and  depth)  with  respect  to 
protection  system  and  CFC-structure  is 
shown.  From  the  right-hand  side  of 
these  diagrams  remarks  on  the  abbrevia¬ 
tions  used  and  information  about  used 
materials  can  be  taken.  On  the  bottom 
of  the  diagrams  the  relationship 
between  test  number  and  specimen  type 
can  be  seen. 

(F)  *  Solid  CFC-plates  (1  mm) 

The  test  results  (Fig.  10)  with  the 
solid  CFC-plates  of  1  mm  protected 
with  aluminum  mesh  and  Kevlar-fabric 
shows  that  the  CFC-structure  could  be 
effectively  protected  by  the  insula- 
t.ng  layer  Kevlar-fabric  between  CFC- 
structure  and  aluminum  mesh. 

Furthermore,  the  Kevlar-fabric-layer 
prevents  the  contact  corrosion  between 
CFC  and  aluminum  mesh. 
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Fig.  10  Lightning  test  results  of  solid  plates  (1  mm)  protected  with 
aluminum  mesh  and  Kevlar-fabric  compared  with  aluminum  mesh 
protected  and  non-protected  CFC-structure 


Electrical  bonding  test  specimen 
with  CFC-substructure 

°  Electrical  resistance  measurements 

The  test  results  (Fig.  11)  show  that 
the  protection  system  aluminum  mesh 
has  only  a  little  Influence  on  the 
electrical  resistance  measurements 
and  that  the  dry  assembled  rivets 
are  better  then  wet  assembled.  The 
measurement  results  of  the  specimen 
types  Ti-screws  are  the  same, 
whether  dry  or  wet  assembled. 

The  electrical  resistances  R  have 
been  determined  by  the  measurement 
of  voltage  drop  at  a  constant  cur¬ 
rent  of>  10  A. 


o  lightning  strike  test  results 

A  lot  of  electrical  bonding  speci¬ 
mens  consisting  of  3  mm  thick  CFC 
solid  plates  covered/noncovered  with 
protection  system  and  bonded  via 
bolts  to  the  CFC  substructure  were 
tested . 


Fig.  11  Electrical  resistance  R  in  mO 

The  design  of  the  specimen  type  with 
titanium  screws  (wet  or  dry  assem¬ 
bled)  successfully  passed  all  tests 
200  kA,  2  .  106A2s;  200  kA, 
0.6  .  106A2s  (see  Fig.  12 
and  13). 

The  design  of  the  specimen  type  with 
blind  rivets  (wet  or  dry  assembled) 
was  not  satisfying  (see  Fig.  14 
and  15). 
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All  specimen 

types  with  blind 

rivets,  which 

were  loaded  with 

200  kA, 

2  .  10bA  s, 

were 

damaged.  Only 

the  specimen 

type  with 

9  blind  rivets 

in  row  passed  success- 

fully  the 

test 

200  kA, 

0.6  .  106A2s. 

The 

1 i ghtni ng 

strike  test  results  were 

given  in 

Fig.  16. 

Fig.  15  Specimen  type  with  blind 
rivets,  4  rivets  in  row 


Fig.  12  Specimen  type  with  titanium 
screws.  9  bolts  In  row 


rj'fiAT 


Fig.  16  Lightning  test  results  of 

electrical  bonding  specimens 


-  Solid  CFC-plates  and  sandwich-plates 
0  Moisture  pick-up  of  CFC-plates 


Fig.  13  Specimen  type  with  titanium 
screws,  4  bolts  In  row 


The  ag  ing  was  carried  out  to 
ACOTEG-proposal  chap.  5.1  (pre¬ 
drying)  .  The  CFC-plate  moisture 
pick-up  is  shown  In  Fig.  17 


pick-up 
and  18. 
!  i 


TIME  VT  — - 


Fig.  14  Specimen  type  with  blind 
rivets,  9  rivets  In  row 


Mg.  17  Moisture  pick-up  of  CFC-plate 

1  aim 
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Fig.  18  Moisture  pick-up  of  CFC-plate 
3  mm 

°  Moisture  pick-up  of  sandwich-plates 

The  ag  ing  was  carried  out  to 
ACOTEG-proposal  chap.  5.1  (pre- 
drying)  .  The  sandwich-plate 
moisture  pick-up  is  shown  in 
Fig.  19  and  20. 


Fig.  19  Moisture  pick-up  of  sandwich 
plates  with  10  mm  core 


Fig.  20  Moisture  pick-up  of  sandwich- 
plates  with  50  mm  core 

The  ag  ing  procedure  was  70  °C/95  X 
RH.  One  of  the  specimens  Included 
normal  humidity  (laboratory) 


Lightning  strike  test  results 
Solid  CFC-plates 

Test  results  with  the  solid  CFC- 
plates  demonstrated  that  there  is  no 
significant  increase  in  damage  area 
of  the  CFC-structure  when  the  speci¬ 
mens  have  been  aged  (Fig.  21 
and  22). 


Hence  it  follows  that  it  is  not 
necessary  for  lightning  strike  test 
to  use  aged  specimens. 


Fig.  21  CFC-sol id  plate  protected  with 
CFC/ Kevlar- fabric/aluminum 

mesh  208  kA,  1.9  .  106A2s 


Fig.  22  Lightning  test  results  of  solid 
CFC-plates 
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Lightning  strike  test  results 
Sandwich-plates 

The  test  results  of  sandwich  speci¬ 
men  with  CFC-facings  and  aluminum  or 
Nomex  core  material  (10  mm  +  50  mm) 
can  be  obtained  in  detail  from 
Fig.  25.  The  diagram  shows  the 
results  for  sandwich  plates  in  dry 
and  wet  conditions. 

In  summary  the  conditioned  sandwich- 
plates  show  less  or  same  damages 
after  lightning  strike  than  noncondi- 
tioned  plates. 


The  aluminum  honeycomb  were  in  both 
cases  damaged  (crashed).  The  Nomex 
honeycomb  (10  mm)  in  dry  conditions 
have  been  heavily  damaged.  The  rea¬ 
son  is  that  the  Nomex  honeycomb  in 
wet  conditions  are  likely  more  flexi¬ 
ble.  The  damage  at  protected  sand¬ 
wich  plates  with  50  mm  core  height 
were  smaller  after  lightning  strike 
than  sandwich  plates  without  protec¬ 
tion  (Fig.  23  and  24). 


Fig.  24  Sandwich  plate  with  50  mm 
aluminum  core,  unprotected 

(T)  -  Electrical  bonding  test  specimen  with 
different  structure  parameters 

°  Lightning  strike  test  results 

A  lot  of  electrical  bonding  specimen 
consisting  of  3  mm  thick  CFC  solid 
plates  covered/noncovered  with  pro¬ 
tection  system  and  providedwith  dif¬ 
ferent  structure  parameters 


! 


9i-a 


•UimU 


Fig.  23  Sandwich  plate  with  50  mm 
aluminum  core,  protected 


-  conductive  sealing  in  the  gap 
(current  transfer  improvement  via 

conductive  sealing  in  opposite  to 
nonconducti ve  sealing) 

-  insulating  materials  between  Alu- 
ml rum-CFC-  and  CFC-CFC-connections 
(influence  of  current  transfer  pro¬ 
perties  ) 

-  liquid  shifn  and  sealing  between 
Aluminum-CFC  connections 
(influence  of  current  transfer  pro¬ 
perties) 

were  tested. 
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Fig.  25  Lightning  test  results  of  sandwich  plates 
In  all  cases  the  CFC-skin  (1.5  mm)  was  not  damaged. 


In  addition  to  the  lightning  strike 
test  the  specimen  residual  tensile 
strength  of  the  specimens  was  deter¬ 
mined. 

The  test  results  of  electrical  bonding 
specimens  were  given  in  Fig.  28. 

All  specimen  types  wera  loaded  with 
200  kA,  2  .  106AZs. 

In  summary  the  protection  system 
(aluminum  mesh  and  Kevlar)  protected 
the  CFC-structure  effectively  against 
lightning  strike. 

By  using  conductive  sealings  in  the 
gap  the  damage  In  the  connection  area 
of  protected  specimen  was  insigni¬ 
ficant. 

A  current  transfer  improvement  by 
using  conductive  sealings  in  unpro¬ 
tected  specimens  were  not  detected. 


By  using  insulating  material  In  the 
connection  area  „he  influence  of  the 
current  transfer  was  insignificant. 

An  influence  by  using  liquid  shim  in 
the  connection  area  was  not  detectable 
(Fig.  26  and  27). 


Fig.  26  Electrical  bonding  specimen, 
protected 
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Fig.  28  Lightning  test  results  and  residual  strength  of  electrical  bonding 
specimens 


VI  *  SUMMARY 

These  tests  have  demonstrated 

0  that  the  CFC-s tructures  by  using  aluminum 
mesh  and  Kevlar-fabric  (insulating  layer 
between  CFC  and  aluminum  mesh)  could  be 
effectively  protected  against  lightning 
strike  (200  kA,  2  .  10SAZs). 

°  that  conditioned  CFC-plates  and  sandwich- 
plates  show  less  or  same  damages  after 
lightning  strike  than  noncondi tioned 
plates . 


that  the  design  of  the  specimen  type  with 
titanium  screws  (wet  or  dry  assembled) 
successfully  passed  all  tests  (200  kA, 
2  .  106AZs  and  200  kA,  0.6  . 

ioV«). 


that  by  using  insulating  material  in  the 
connection  area  the  Influence  of  the  cur¬ 
rent  transfer  was  insignificant  and  an 
influence  by  using  liquid  shim  in  the  con¬ 
nection  area  was  not  detectable. 


that  all  specimen  types  with  few  blind 
rivets  in  row  ( <  4 ) ,  which  were  loaded  with 
200  kA,  2  .  10^AZs  were  heavily 
damaged . 
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Abstract  -  The  horizontal  stabilizer  of  the  Alpha  Jet  is  the  first  german  horizontal 
stabilizer  made  of  CFRP. 

A  special  lightning  protection  system  was  developed  because  of  the  difference  in  elec¬ 
trical  behaviour  of  CFRP  and  metal.  This  system  and  the  compliance  test  are  described 
in  this  paper. 


I  -  INTRODUCTION 

Between  1974  and  1981,  a  horizontal  stabili¬ 
zer,  made  of  CFRP,  was  developed  and  built 
for  the  weapon  system  Alpha  Jet.  The  project 
was  promoted  by  the  German  Federal  Ministry 
of  Defense  (BMVg) .  See  fig.  1. 

In  addition  to  the  static  and  dynamic  tests 
destined  to  prove  the  sufficiency  of  the 
structural  design  BWB-ML  (the  flight  appro¬ 
val  authority  of  the  BMVg)  required  the 
proof  of  a  sufficient  protection  against 
lightning  stroke  of  the  horizontal  stabili¬ 
zer. 

't  had  to  be  demonstrated  that  the  aircraft 
can  terminate  its  flight  safely  on  the 
nearest  airport  after  having  been  struck  by 
lightning.  Apart  from  the  compliance  test 
for  the  flight  approval,  further  tests  were 
carried  out  to  gain  knowledge  of  the  light¬ 
ning  stroke  behaviour  of  the  various  compo¬ 
nents  and  material  types. 

The  tests  were  performed  in  cooperation  with 
the  Institute  for  Plasma  Physics  of  the  Uni¬ 
versity  in  Hanover. 


II  -  CASE  HISTORY 

The  left  half  of  the  CFRP  horizontal  stabi¬ 
lizer,  which  had  already  undergone  the  com¬ 
pliance  tests,  was  available  for  the  light¬ 
ning  tests.  Fig.  2  gives  a  general  view  of 
the  performed  compliance  tests. 

As  opposed  to  the  protective  system  des¬ 
cribed  in  chapter  4,  the  horizontal  stabi¬ 
lizer,  used  to  perform  the  compliance  tests, 
was  not  equipped  with  the  lightning  protec¬ 
tion  system  on  the  spar  box.  The  reason  was 
to  avoid  that  the  strain  gauge  recording 
was  influenced  by  the  Al-mesh  during  compli¬ 
ance  tests. 


For  the  ligthning  tests  the  Al-mesh  protec¬ 
tive  system  was  added  to  the  upper  and  lower 
sides  of  the  spar  box.  Canperative  microcuts 
showed  that  there  was  no  decisive  difference 
between  the  protective  system  fixed  with  co¬ 
curing  process  and  the  subsequently  fixed 
protective  system  with  respect  to  the  elec¬ 
tric  contact  between  carbon  fibres  and  alu¬ 
minium  wire.  The  fracture  of  the  spar  box 
was  covered  with  the  later  attached  protec¬ 
tive  system  so  as  to  obtain  original  condi¬ 
tions  with  regard  to  the  protective  system. 
The  broken  leading  edge  section  with  the 
available  protection  system  was  covered  with 
Al-mesh  over  a  large  area.  A  non-conductive 
resin  system  curing  at  room  temperature  was 
used  for  bonding.  To  simulate  the  fuselage 
rear  section  an  Al-plate  of  the  same  thick¬ 
ness  was  attached  to  the  horizontal  stabi¬ 
lizer  at  the  original  distance. 


Ill  -  DESCRIPTION  OF  THE  COMPONENT 

The  CFRP  hor.  zontal  stabilizer  is  identical 
with  the  series  horizontal  stabilizer  made 
of  metal  with  regard  to  geometry,  profile 
and  bearing  points. 

Main  components  of  the  horizontal  stabilizer 


(fig. 

3)  : 

o 

1 

spar  box 

o 

2 

leading  edge  sections  with 
integrated  ribs 

o 

2 

trailing  edge  sections  with 
integrated  ribs 

o 

2 

stabilizer  tips 

The  spar  box  consists  of  2  U-shells  and  11 
ribs.  The  load  transfer  ribs  are  made  of  ti¬ 
tanium,  the  two  end  ribs  of  aluminum.  The 
U-shells  and  the  other  ribs  are  manufactured 
from  CFRP-UD  material. 
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For  the  panelling  of  the  leading  edge  sec¬ 
tions  a  hybrid  of  GFRP  and  CFRP  fabrics  was 
selected  as  a  stone  impact  protection.  The 
integrated  ribs  consists  of  CFRP  fabric  ex¬ 
cept  for  the  end  rib  which  is  made  from  alu¬ 
minum.  The  trailing  edge  section  with  the 
integrated  ribs  is  made  of  CFRP  fabric  ex¬ 
cept  for  the  aluminum  end  rib  and  trailing 
edge. 

The  stabilizer  tips  correspond  to  the  series 
stabilizer  tips  and  consists  of  GFRP  fabrics 
with  2  aluminum  ribs. 


IV  -  LIGHTNING  PROTECTION  SYSTEM  OF  THE 
CFRP  HORIZONTAL  STAI.ILIZER 

The  lightning  protection  system  of  the  CFRP 
horizontal  stabilizer  (fig.  4)  comprises: 

a.  surface  protection  for  the  leading  edge 
section  and  the  spar  box  and 

b.  frame  protection  for  the  spar  box,  the 
leading  edge  and  trailing  edge  sections 

The  surface  protection  of  the  leading  edge 
section  and  the  spar  box  consists  of  Al-mesh 
which  was  applied  by  means  of  the  co-curing 
process.  The  Al-mesh  of  the  leading  edge 
section  and  the  spar  box  neither  have  a 
direct  electric  contact  with  each  other  nor 
with  the  airframe. 

The  frame  protection  is  composed  of  the  alu¬ 
minum  end  ribs  of  the  leading  and  trailing 
edge  sections  and  of  the  sparbox  as  well  as 
of  the  trailing  edge.  This  system  is  elec¬ 
trically  connected  with  the  airframe. 

The  design  of  the  lightning  protection 
system  was  based  on  the  following  philo¬ 
sophy: 

o  Lightnings  hitting  the  outer  zone  of 

the  horizontal  stabilizer  shall  be  con¬ 
ducted  to  the  fuselage,  distributed  over 
large  areas,  via  the  spar  box,  the 
leading  edge  section  and  the  frame  pro¬ 
tection.  This  large-area  discharge  of 
the  lightnings  shall  prevent  these  load¬ 
carrying  end  aerodynamically  important 
assemblies  rom  being  severely  damaged. 

o  Lightnings  hitting  the  trailing  edge 
section  shall  b»  conducted  into  the 
fuselage  via  the  frame  protection  or  ex¬ 
it  via  the  metal  part  of  the  trailing 
edge  section. 

A  severely  damaged  trailing  edge  section 
represents  no  direct  risk  for  the  hori¬ 
zontal  stabilizer. 


The  horizontal  stabilizer  is  suspended  in 
the  same  bearings  as  the  metal  version. 

It  is,  however,  connected  with  copper  brai¬ 
ded  strips  of  10  mm^  each  from  every  rib  to 
tie  fuselage. 


V  -  TEST  PROGRAM 

A  test  program  was  established  in  coordina¬ 
tion  with  the  flight  approval  authority 
BWB-ML. 

In  total,  27  lightning  strokes  of  varying 
intensity  were  planned,  based  on  the  STANAG 
standard  lightning  curve.  Fig.  5  shows  the 
striking  points  on  the  horizontal  stabilizer. 
The  roman  numeral  denotes  the  load  value 
(fig.  6),  the  arabic  numeral  the  order. 

The  actual  compliance  test  was  the  lightning 
stroke  1/1 .  The  remaining  tests  served  the 
purpose  to  gain  a  general  impression  and 
knowledge  of  the  efficiency  of  the  system 
applied  and  the  lightning  stroke  behaviour 
of  the  materials  used. 


VI  -  TEST  PERFORMANCE  AND  RESULTS 

The  tests  were  carried  out  in  the  laboratory 
of  the  Institute  for  Plasma  Physics  of  the 
University  in  Hanover. 

Fig.  7  shows  the  compliance  test  set-up  with 
the  electrode  directed  to  the  load  point.  The 
switching-on  of  the  direct  voltage  for  the 
charge  transfer  caused  a  direct  ignition 
which  slightly  damaged  the  protection  system. 
In  the  course  of  the  second  test  the  follow¬ 
ing  values  were  measured: 

-  Peak  amplitude:  197  kA 

Action  integral:  1.93-10®a2s 

-  Charge  transfer:  161  C 

The  striking  point  can  be  seen  from  fig.  8. 
This  figure  shows  that  the  charge  transfer 
took  place  from  the  hitting  point  to  the 
corner  of  the  protective  system.  The  current 
was  transferred  partly  from  the  upper  and 
the  lower  side  of  the  leading  edge  section 
to  the  fuselage  simulation  (fig.  9,  10). 
Further  transfer  points  were  not  discovered. 
At  the  striking  point  the  material  was  da¬ 
maged  up  to  the  third  layer,  the  diameter 
was  60  mir.. 

For  the  further  performance  of  the  test 
program  the  order  of  the  test  steps  was 
changed  so  as  to  avoid  frequent  modification 
of  the  test  set-up. 

First,  the  low  loads  were  applied  and  after¬ 
wards  the  next  higher  ones.  It  was  agreed 
with  the  flight  approval  authority  BWB-ML 
to  continue  the  tests  for  the  load  values 
II  and  III  without  charge  transfer,  since 
this  current  causes  no  damage  which  adver¬ 
sely  affects  the  stability  of  the  component. 

The  figure  11  show  a  typical  damage  in  the 
trailing  edge  section  in  the  case  of  load 
value  I. 

After  the  performance  of  all  program  items, 
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the  outer  area  of  the  leading  edge  section 
was  tested  applying  the  highest  possible 
lightning  value  that  could  be  realized  at 
that  time  by  the  test  installation. 

This  final  test  resulted  in  the  following 
values: 

Peak  amplitude:  227  kA 

Action  integral:  2.4-10®A^s 

Charge  transfer:  184.7  C 

Figure  12  gives  an  impression  on  the  stri¬ 
king  point.  The  colour  of  the  resin  in  the 
area  had  slightly  cha-ged. 


VII  -  RESULT 

The  result  of  the  lightning  tests  and  the 
subsequent  non-destructive  tests  proved  that 
the  lightning  protection  system  selected  for 
the  CFRP  horizontal  stabilizer  fulfils  its 
task.  None  of  the  lightning  strokes  applied 
to  the  component  caused  any  damage  which 
could  have  reduced  the  flight  safety  to  a 
great  extent. 

The  figures  13  and  14  show  an  overall  view 
of  the  upper  and  the  lower  side  of  the  ho¬ 
rizontal  stabilizer  after  the  performance 
of  all  tests. 


Fig.  1  :  Alpha  Jet  with  CFRP  Horizontal  Stabilizer 
in  Flight 


Nr. 

Teit  Node 

load 
[xL.L. ) 

Test- 

temperature  [°C] 

Moisture 

Concent 

1 

static 

1,25 

*T 

normal 

2 

static 

1,15 

-55°C 

normal 

3 

static 

1,15 

+70 

<*  1% 

4 

dynamic,  test  program  per  flight. 

RT 

20.000  simulated  flight  hours 

5 

static 

1,0 

RT 

6 

static 

1,0 

-55 

7 

static 

1,0 

♦70 

8 

static,  interrupted  fracture  test 

1,0 

♦  70 

9 

static,  fracture  test  right  side 

1,18* 

♦70 

10 

static,  fracture  test  left  side 

1,48* 

♦  50 

%  1*  | 

•  proved 


Fig.  2  :  Test  Program  CFRP  Horizontal  Stabilizer 
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Current  transport  to  fuselage 


Fig.  12  i  Striking  point  L.r.  high  lightning  value 


Fig.  9  :  Current  transport  to  fuselage 


Fig.  13  :  Overall  view,  upper  side 
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SIMULA  ED  LIGHTNING  TESTS  ON  BAYMETEX  C  PROTECTED  GRAPHITE-EPOXY  LAMINATES 


H.  Ebneth 

Bayer  AG  Leverkusen ,  Central  Research  Department  Application  of  New  Products,  5090  Leverkusen, 
Bayeruerk,  F.R.G. 


Abstract  -  Highly  nickel-coated  graphite  fabrics  will  provide  adequate  composite  struc¬ 
ture  protection  from  Zone  1  A  and  2  A  lightning  strikes,  as  simulated  lightning  tests 
showed.  The  coating  level  used  will  depend  on  the  damage  tolerance  and  structural  make-up 
of  the  part  to  be  protected.  Mechanical  tests  show  that  the  nickel-coated  graphite  fabric 
has  an  positive  effect  in  compression  of  the  panels.  The  compressive  strength  is  about 
25  %  better  than  the  panel  with  a  non-metallized  fabric  ply. 


INTRODUCTION 


This  report  summarizes  work  of  Bayer  AG  and  its  subsi¬ 
diary  Mobay  Chemical  Corporation  in  1984.  The  scope 
of  the  work  included  fabrication  of  eight  graphite/ 
epoxy  composite  laminates;  four  panels  for  Zone  1  A 
lightning  strike  and  four  panels  far  Zone  2  A  light¬ 
ning  strike.  Physical  damage  assessment  and  mechani¬ 
cal  testing  of  the  lightning  struck  panels  was  per¬ 
formed.  The  first  section  of  this  report  describes 
panel  fabrication  and  mechanical  testing.  The  second 
section  covers  lightning  strike  testing  and  physical 
damage  assessment. 

A  previous  paper  was  published  at  the  International 
Aerospace  and  Ground  Conference  on  Lightning  and 
Static  Electricity  (June  26  -  28,  1984),  Orlando, 
f  lorida,  USA  f\ ] . 

SUMMARY 


Test  results  confirm  the  value  of  Baymetex  C  metal¬ 
lised  fabric  for  structural  composite  lightning 
strike  protection.  Baymetex  is  the  trademark  used  by 
Bayer  AG  and  Mobay  Chemical  Corporation  to  denote  its 
unique  line  of  metallized  fabric  materials.  When  in¬ 
corporated  as  the  outer  ply  in  a  laminate,  the  Bay¬ 
metex  C  protected  underlying  tape  plies  from  severe 
damage  resulting  from  Zone  1  A,  200,000  ampere  light- 
ninq  current  attachment.  This  protection  capability 
was  shown  in  that  no  punctures  were  sustained  on  the 
protected  halves  of  the  test  panels  while  all  of  the 
unprotected  samples  were  punctured. 

Struck  panels  protected  with  Baymetex  C  exhibited 
approximately  85  percent  retention  of  tension  and 
compression  strength  when  compared  to  the  normalized 
strength  of  unprotected  control  specimens.  Results  of 
these  Zone  1  A  tests  indicate  that  the  nickel-coated 
fabric  outer  ply  will  probably  suffer  damage  over  a 
larger  area  than  an  unprotected  fabric,  but  the  da¬ 
mage  depth,  area  and  volume  in  underlying  plies  is 
substantially  reduced. 

The  Zone  2  A  test  results  provide  a  more  quantitative 
damage  comparison  between  protected  and  unprotected 
panel  halves.  One  prominent  trend  in  the  data  is  that 
the  protected  halves  sustained  a  more  ahallow  damage 
depth  and  a  smaller  damage  volume  than  the  unprotected 
laminate.  A  second  trend  shown  in  the  data  is  that  the 
surface  area  damage  was  greater  for  the  protected  pa¬ 


nel.  This  would  seem  to  indicate  that  Baymetex  C  me¬ 
tallized  fabric  allows  the  attachment  current  to 
spread  over  a  larger  area.  This  results  in  a  lower 
current  density  at  the  attachment  point  resulting  in 
less  damage  to  underlying  plies  in  the  laminate.  As 
was  also  the  case  in  Zone  1  A  lightninq  strikes,  me¬ 
chanical  test  results  agreed  with  the  physical  damage 
assessment  after  Zone  2  A,  100,000  ampere  simulated 
lightninq  strikes.  The  half  of  the  panels  protected 
with  the  metallized  fabric  retained  a  much  higher  per¬ 
centage  of  strength,  both  in  tensi  i  and  m  compres¬ 
sion,  than  the  half  of  the  panels  containing  a  normal 
fabric  ply.  In  fact,  when  compared  to  the  unprotected 
control  specimens,  laminates  containing  Baymetex  C  re¬ 
tained  virtually  100  percent  strength  retention  in 
tension  and  compression  after  a  Zone  2  A  simulated 
lightning  strike. 

A  final  conclusion  u<  the  test  proqram  was  that  in- 
c  moration  of  Baymetex  C  does  not  seem  to  adversely 
impact  laminate  mechanical  properties.  Amonq  the  con¬ 
trol  specimens,  both  nickel-coated  and  normal  lamina¬ 
tes  had  similar  tensile  strength.  In  compression,  the 
Baymetex  C  samples  exhibited  25  percent  qreater 
strength  than  the  normal  panels. 

PANEL  E ABR1CAI 10N  AND  MECHANICAL  TESTING 

MATERIALS 


Bayer  AG  via  Mobay  Chemical  Corporation  supplied  a 
nickel-coated  graphite  fabric  to  the  test-lab  exhi¬ 
biting  the  following  properties: 


BAYMETEX  C  STYLE  100 


Warp  Yarn 

5000  filament  ThorneP^ T-300 

graphite 

Till  Yarn 

3000  filament  I  home  T-300 

graphitp 

Weave 

Plain 

Yarn  Count 

12.5  x  12.5  ends/inch 

fabric  Weight 

190  gm/sq  meter 

Metal  Weight 

115  gm/sq  meter 

Total  Weight 

305  gm/sq  meter 

Metal 

Nickel 

m 
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The  metallized  fabric  was  impregnated  with  Fiberite^ 
934  epoxy  resin.  Resin  content  of  the  impregnated  fa¬ 
bric  was  33.0  percent. 

The  control  fabric  prepreg  had  the  following  proper¬ 
ties: 

Warp  Yarn  3000  filament  Thorne^  T-300  graphite 

Fill  Yarn  3000  filament  Thorne^®  T-300  p'-aphite 

Yarn  Count  12.3  x  12.5  ends/inch 

Fabric  Weight  196  gm/sq  meter 

Resin  Fiberiti®934  epoxy  resin 

Resin  Content  41.0  percent 


The  tape  material  employed  in  the  underlying  plies  had 
the  following  properties: 

Fiber  Thorne^  T-300  graphite 


Style 

Weight 

Resin 

Resin  Content 

FABRICATION 


Unidirectional  Tape 
145  gm/sq  meter 
F iberiti®  934  epoxy  resin 
37  percent 


Eight  composite  panels,  each  measuring  20  inches  x 
24  inches,  were  fabricated  using  the  above  mentioned 
materials.  Each  panel  was  layed  up  with  24  plies  of 
unidirectional  tape  in  the  following  orientation: 

^U45/0/-45/0)(+45/90/-45/0)y's 

One  half  of  each  side  of  the  panel  was  covered  with 
the  Baymetex  C  lightning  strike  protection  fabric 
while  the  other  half  was  covered  with  the  control  fa¬ 
brics  as  shown  in  Figure  1.  All  eight  panels  were 
cured  in  one  autoclave  for  two  huurs  at  350°F  (177°C). 
The  panels  were  cured  with  the  fabric  side  against 
the  tool  resulting  in  a  smooth  surface  for  painting. 
After  cure,  the  panels  were  painted  on  the  fabric 
side  with  the  conventional  paint  system  used  in  com¬ 
mercial  aircraft  (%>-I  mil  of  an  epoxy  primer  and 
3-5  mils  of  a  polyurethane  topcoat),  air  dried 
overnight  and  subsequently  cured  at  160°f  (71 °C )  for 
two  hours. 

After  the  panels  were  scanned  for  internal  flaws  and 
delammat ions  usinq  the  Through  Transmission  Ultra¬ 
sonic  scanner,  they  were  cut  to  give  16  inch  x 16  inch 
panels  for  lightning  strike  testing  and  test  speci¬ 
mens  as  controls  for  mechanical  testing.  The  scheme 
for  cutting  is  Utowri  in  Figure  2  and  the  configura¬ 
tion  of  the  test  specimen  is  shown  in  Figure  All 
eight  16  inch  x  16  inch  panels  were  submitted  for 
lightning  strike  testing,  four  for  Zone  1  A  and  four 
for  Zone  2  A  lightning  strike.  The  second  section  of 
this  report  details  the  particulars  of  the  lightning 
strike  tests  and  damage  assessment. 

HE  CHAN  1C  A1  TESTING 

After  lightning  strike,  thn  test  specimens  were  cut 
from  each  half  of  the  panel  as  shown  in  Figure  4.  The 
specimens  were  tested  in  tension  and  compression  for 


residual  mechanical  integrity.  The  test  matrix  is 
shown  in  Table  1.  The  control  specimens  were  also 
tested  under  the  same  test  matrix.  Compression  spe¬ 
cimens  were  supported  in  a  test  fixturp  as  shown  in 
Figure  5  during  compression.  Both  the  tension  and  com¬ 
pression  specimens  were  tested  with  a  MTS  hydraulic 
machine  with  a  loading  rate  of  .05  in. /min. 

RESULTS  AND  DISCUSSION 

The  physical  appearance  of  the  panels  after  cure  was 
good.  Although  the  resin  content  of  the  nickel-coated 
fabric  was  significantly  lower  than  that  of  the  nor¬ 
mal  fabric,  no  resin  starvation  nor  surface  defects 
were  detected.  Through  Transmission  Ultrasonic  scans 
also  showed  no  internal  defects  in  the  panels. 


Mechanical  test  results  are  shown  in  Tables  II  to  VI, 
and  graphically  depicted  in  Figures  6  and  7.  Specimen 
identification  is  coded  as  follows: 

X  X  X  X  -  XX;  XX 


Where  A  i  Panel  Number 

,  C  =  Control  Specimen 
B  = 

1,2,3,  =  Specimen  Nos. 

c  d  T  ;  Tension 

C  s  Compression 

P  d  NF  r  Nonmetallized  Fabric  =  nickel  free 

NC  =  Baymetex  C  Style  100  =  nickel  coated 


For  comparison  purposes,  test  specimens  and  controls 
with  the  normal  fabric  ply  were  compared  in  one  group 
while  those  with  the  nickel-coated  fabric  ply  were 
compared  in  another  group. 

Since  after  the  lightning  strike  test,  the  top  fabric 
ply  may  be  totally  or  partially  detached  and  the  lami¬ 
nate  may  be  severely  damaged,  the  thickness  of  the 
lightning  strike  tested  specimens  may  vary  a  great 
deal  from  that  of  the  control  specimens.  To  get  a  fair 
comparison  of  the  residual  mechanical  property  of  the 
lightning  strike  tested  specimens  with  the  control 
specimens,  an  average  thickness  of  the  corresponding 
control  specimens  were  used  to  calculate  the  ultimate 
strength.  The  valuer  are  listed  under  the  normalized 
Ultimate  Strength  column.  For  example,  panels  7990, 
7991,  7992,  ai  d  7993  were  tested  in  tension.  The 
thickness  of  the  half  of  the  panel  with  a  normal  fa¬ 
bric  ply  (NT'  has  a  slightly  different  thickness  than 
the  half  of  the  panel  with  a  nickel  fabric  ply  (NC). 

So  the  average  thickness  of  7900-CT;  NC,  7991-CT;  NC, 
7992-CT;  NC  and  799J-CT;  NC  was  used  to  calculate  the 
strength  of  the  specimens  with  the  same  panel  number 
and  NC  fabric.  The  average  thickness  of  7990-CT;  W" , 
7991-CT;  W,  7992-CT;  NT,  and  7993-CT ;  NF  was  used 
to  calculate  the  strength  of  the  specimens  with  the 
same  panel  number  and  NF  fabric. 

The  compression  panels  79/4  and  7988  were  layed  up 
with  an  extra  ply  of  prepreg  tape  by  mistake.  These 
two  panels  were,  therefore,  slightly  thicker  and  they 
were  distinguished  from  the  compression  panels  7995 
and  7989  when  average  thicknesses  were  calculated  . 
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A  seperate  column  showing  the  Actual  Ultimate  Strength 
which  was  calculated  from  actual  measured  thickness  is 
also  included. 

Where  damage  is  severe  resulting  in  a  non-uniform 
thickness  is  also  included.  Where  damage  is  severe  re¬ 
sulting  in  a  non-uniform  thickness  across  the  specimen 
a  median  thickness  was  used.  8ased  on  100  %  retention 
of  strength  for  the  control,  the  percent  of  strength 
retention  were  calculated  for  the  corresponding  light¬ 
ning  strike  tested  specimens.  The  last  two  columns  in¬ 
dicate  whether  the  top  fabric  ply  is  intact  or  de¬ 
tached  and  the  location  where  the  specimen  failed  as 
measured  from  one  end  of  the  specimen. 

As  noted  in  the  lightning  strike  testing  and  damage 
assessment  section  of  this  report,  the  half  of  the  pa¬ 
nels  with  a  normal  fabric  ply  was  damaged  severely  af¬ 
ter  the  Zone  1  A  lightning  strike.  No  mechanical  te¬ 
sting  was  performed  for  the  Zone  1  A  NF  specimens  as 
shown  in  Tables  II  and  IV. 

It  was  indicated  in  the  Fabrication  Section  that  the 
layup  orientation  was  ^(+45/0/-45/0)(+45/90/-45/027s. 
This  layup  orientation  would  have  been  quasi-isotro- 
pic  if  the  second  ply  from  the  top  and  bottom  of  the 
panel  had  been  90°.  The  reason  for  substituting  a  0° 
ply  for  a  90°  ply  near  the  outer  sui faces  of  the  pa¬ 
nel  is  to  increase  the  sensitivity  of  the  mechanical 
test  for  lightning  strike  damage.  Since  the  fiber  is 
the  primary  load  carrying  component,  especially  in 
tensile  tests,  any  damage  to  the  outer  0°  plies  due 
to  lightning  strike  would  reduce  the  mechanical  per¬ 
formance  more  drastically. 

In  general,  mechanical  test  results  show  tnat  the  pa¬ 
nels  with  nickel-  sated  fabric  have  better  strength 
retention  than  the  panels  with  normal  fabric.  The  re¬ 
sults  agree  with  the  physical  and  visual  assessment  of 
the  lightning  struck  panels.  It  should  be  noted  that 
among  the  control  specimens,  both  the  nickel-coated 
panel  and  the  normal  panel  have  similar  tensile 
strength  while  the  nickel-coated  panel  has  a  compres¬ 
sive  strength  of  about  25  5  higher  than  the  normal 
panel.  It  shows  that  nickel  does  not  seem  to  affect 
the  composite  strength  adversely.  In  fact,  the  obser¬ 
ved  increase  in  compressive  strength  could  be  due  to 
the  increased  stability  of  the  nickel-coated  fiber  un¬ 
der  compression  loading.  It  should  be  noted  that  the 
-2  specimen,  which  was  cut  from  the  area  with  the 
worst  damage,  has  the  lowest  residual  strength. 

The  average  mechanical  teat  results  of  two  panels 
tested  under  the  aame  conditions  are  shown  in  Figures 
6  and  7.  In  tension,  the  strength  retention  of  the  NC 
panels  waa  much  better  than  that  of  the  NF  panels.  In 
compression,  the  strength  retention  of  the  NC  panels 
was  much  better  than  that  of  the  NF  panels  after  Zone 
1  A  lightning  atnke,  but  was  about  the  same  for  both 
the  NC  and  NF  panels  after  Zone  2  A  lightning  strike. 
By  visual  inspection,  the  NF  panels  were  damaged  much 
more  than  the  NC  panels.  Thia  discrepancy  waa  probab¬ 
ly  due  to  the  much  higher  strength  oF  ine  NC  control 
over  the  NF  control. 

After  lightning  strike,  the  top  fabric  ply  waa  de¬ 
stroyed  in  both  the  NC  and  M"  panels.  The  reaidml 
strength  measured  waa  from  the  basic  panel,  ao  the  ef¬ 
fect  of  the  possible  added  stability  from  the  nickel- 
costed  fiber  was  removed.  It  may  be  more  enlightening 
to  compare  the  normalized  strength  retention.  In  that 
case,  a  strength  of  79.9  ksi  for  the  tf  panel  was  com¬ 
pared  to  a  strength  of  90.9  ksi  for  the  NC  panel,  this 


is  equivalent  to  14  51  higher  strength  for  the  NC  panel 
over  the  NF  panel. 

CONCLUSIONS 

The  following  points  may  be  concluded  based  on  this 
portion  of  the  study: 

1.  Mechanical  test  results  agree  with  the  physical  da¬ 
mage  assessment  of  panels  after  lightning  strike. 

2.  The  half  of  the  panels  with  a  nickel-coated  fabric 
ply  retained  a  much  higher  percentage  of  strength 
both  in  tension  and  in  compression  over  the  half  of 
the  panels  with  a  normal  fabric  ply. 

3.  For  pre-lightning  strike  testing,  nickel  has  no  ef¬ 
fect  on  the  tensile  performance  of  the  panels, 
while  in  compression  the  half  of  the  panels  with  a 
nickel-coated  fabric  ply  performed  25  %  better  than 
the  half  of  the  panels  with  a  normal  fabric  ply. 

LIGHTNING  STRIKE  TESTING  AND  DAMAGE  ASSESSMENT 

INTRODUCTION 

A  lightning  laboratory  in  the  US  was  utilized  for  ge¬ 
nerating  the  simulated  lightning  discharges  required 
for  these  tests.  Figure  8  summarizes  the  lightning 
strike  waveform  components  as  set  forth  in  "Lightning 
Qualification  Test  Techniques  for  Aerospace  Vehicles 
and  Hardware",  MIL-STD-1757.  The  laboratory  is  capable 
of  reproducing  lightning  current  discharges  which  con¬ 
tain  the  amplitude  levels,  time  durations,  and  energy 
transfers,  called  out  as  recommended  test  values  by 
MIL-STD-1757.  In  the  lab,  lightning  generators  and  ge¬ 
neral  lab  equipment  are  arranged  so  that  the  high  vol¬ 
tage  power  supply  controls,  the  switching  and  groun¬ 
ding  controls,  and  all  electronic  test  equipment  are 
located  in  a  protected  control  room  separated  from  the 
testing  Brea  inside  the  test  chamber.  The  test  article 
is  fitted  onto  a  test  stand  where  all  the  necessary 
connections  for  completing  the  lightning  discharge 
current  pBths  Bre  made. 

Depending  upon  the  lightning  strike  zone  being  simula¬ 
ted,  the  test  articles  may  be  hard-wired  at  both  the 
current  entry  and  exit  points  of  just  hard-wired  at 
the  current  exit  point  with  an  air  gap  between  the 
test  article  and  a  discharge  electrode  at  a  predeter¬ 
mined  current  entry  (attachment)  point. 

Through  these  tests,  we  were  seeking  to  find  whether 
or  not  the  nickel-coated  graphite  fabric  on  the  test 
panels  would  provide  protection  for  the  test  panels 
against  damage  caused  by  the  simulated  lightning  cur¬ 
rent  attachment. 

TEST  METHODS  AND  PRACTICES 

For  these  tests,  simulated  lightning  discharge  cur¬ 
rents  sere  venerated  by  discharging  banks  of  charqed 
capacitors  through  the  test  panels.  The  capacitors  in 
each  bank  are  configured  in  predetermined  aeries  pa¬ 
rallel  combinations  to  provide  the  required  amount  of 
capacitance.  The  capacitor  banka  are  identified  accor¬ 
ding  to  the  component  part  of  the  lightning  current 
waveform  that  they  are  capable  of  producing.  For  ex¬ 
ample,  the  "D-Bank"  produces  the  "D"  component  shown 
in  Figure  B.  Therefore,  the  "A",  "D",  and  "B-C  Mod" 
component  parta  of  the  lightning  current  waveform  are 
produced  by  respective  capacitor  banka.  These  capaci¬ 
tor  banka  make  up  the  lightning  generator  and  are  per- 
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manently  mounted  in  the  laboratory. 

Within  the  lab,  the  test  area  is  arranged  to  allow  for 
maximum  flexibility  in  test  setups.  A  wide  variety  of 
test  articles  can  and  have  been  lightning  tested  usinq 
this  method. 

for  this  series  of  Zone  1  A  and  Zone  2  A  current 
attachment  testing,  the  discharge  electrode  was  posi¬ 
tioned  close  to  the  test  panel  front  surface  at  tlie 
point  where  attachment  was  desired.  An  air  gap,  2.75 
inches  long,  was  established  between  the  tip  of  the 
discharge  electrode  and  the  test  panel  front  surface. 
The  lightning  current  discharge  electrode  was  positio¬ 
ned  to  inject  simulated  lightning  current  into  the 
test  panel  so  that  the  current  was  forced  to  flow  to 
the  bottom  of  the  test  panel  to  ground.  The  electrode 
was  a  1/4-in.  diameter  tungsten  rod,  with  a  rounded  end 
to  reduce  blast  shock  waves  that  might  unrealistically 
intensify  the  current  attachment  damage.  The  electrode 
was  held  rigidly  in  place  to  prohibit  mechanical  im¬ 
pact  of  the  test  panel.  The  tests  were  conducted  with 
the  discharge  electrode  at  a  negative  potential  rela¬ 
tive  to  the  positive  test  panel. 

When  simultaneous  current  component  testing  is  being 
done,  such  as  "A-B"  (Zone  1  A)  or  "D-8-C"  (Zone  2  A) 
discharges,  a  programmable  timar  is  used  to  control 
the  discharge  seguence  of  the  current  component  parts. 
In  these  tests  the  "A"  hank  and  "D"  bank  discharges 
were  initiated  by  the  discharge  of  a  "trigger"  bank 
(a  separate  charged  capacitor)  used  to  ionize  the  air 
gap  between  the  discharge  electrode  and  the  test  panel. 
The  flash  produced  by  the  discharge  of  the  trigger 
bank  is  detected  by  an  optical  sensor.  This  signal  is 
then  used  to  turn  on  the  programmable  timer  unit.  Then, 
according  to  the  present  time,  the  timer  unit  genera¬ 
tes  a  signal  for  turning  on  the  "B"  bank  (for  Zone  1  A) 
or  the  "B-C  Mod"  bank  @one  2  A)  in  the  proper  seguence. 

The  lightning  discharge  current  is  sensed  by  a  current 
transformer.  An  output  voltage,  proportional  to  the 
sensed  current  level,  is  connected  to  a  computerized 
oscilloscope  from  the  current  transformer.  The  input 
to  the  computerized  oscilloscope  is  stored  and  then 
analyzed.  After  analysis,  the  oscilloscope  displays 
the  test  wave  form  alonq  with  numerical  values  for 
peak  current,  action  integral,  time  duration,  circuit 
resistance  and  inductance,  and  other  selectable  infor- 
nat ion.  A  typical  circuit  test  setup  is  illustrated 
in  F igure  9. 

IEST  EQUIPMENT 

1.  Norland  2001A,  Computerized  Oscilloscope 
Tour  input  channels 

Sample  Interval:  1  microsecond  to  ^00  (tU.01%) 
Voltage  Range:  *0.1  to  t  100  Volts  full  scale 

2.  Hipotronics  Model  830-830,  DC  High  Voltage 
Power  Supply 

Output  in  three  ranges: 

low  0-6  kVolts  at  0-250  milliamperes 
Med  0-12  kVolts  at  0-500  milliamperes 
High  0-30  kVolts  at  0-1000  milliamperes 

3.  Pearson  2093,  Current  transformer 
Output  i  0.301  Volt  per  Ampere 

a.  ten  Channel  Programmable  timer  Unit,  Boeing  built) 
Channels  1  through  4:  0-9999  microseconds  in  1  mi¬ 
crosecond  increments 

Channels  5  through  10:  0-9999  milliseconds  in  1 
millisecond  increments 

Output  Voltage:  each  channel,  0  to  *60  Volts  dc 


5.  Universal  Voltronics,  Corp.  (Labtrol) 

High  t.  ge  Power  Supply 

Outpu.  three  ranges: 

Low  T  -3  KVolts  at  0-2  milliamperes 
Med  0-60  kVolts  at  0-6  milliamperes 
High  0-250  kVolts  at  0-20  milliamperes 

6.  "A"  -  Bank  (Laboratory  installation) 

Series  Parallel  Combination  of  165  pF ,  6  kV  capa¬ 
citors 

Total  Calculated  Capacitance  =  531  pF 

Maximum  Charge  Voltage  :  30  kV 

7.  "B-C  Mod"  Bank  (Laboratory  installation) 

Series  Parallel  Combination  of  165  (if ,  6  kV  rated 
capacitors  and  250  pH  and  7  mH  inductors. 

"8"  Segment: 

Total  Calculated  Capacitance  =  2475  pF 

Total  Calculated  Inductance  =  1500  pH 

"C  Mod"  Segment : 

’utal  Calculated  Capacitance  =  5600  pF 

Tot.al  Calculated  Capacitance  =  56  mH 

Maximum  Charge  Voltage  =  6  kV 

8.  '  0"  Bank  (Laboratory  installation) 

Parallel  combination  of  5.08  pF,  30  kV  rated  capa¬ 
citors 

Total  Calculated  Capacitance  =  81.28  pF 

Maximum  Charge  Voltage  =  30  kV 

DAMAGE  ASSESSMENT  TECHT  QUE 

This  series  of  eight  graphite  epoxy  laminated  test  pa¬ 
nels  were  subjected  to  Zone  1  A  (panels  7988,  7989, 
7990,  and  7991)  and  Zune  2  A  (panels  7992,  7993,  7994, 
and  7995)  simulated  lightning  currents.  The  panels 
were  photographed  after  being  lightning  tested.  These 
photographs  document  the  lightning  testing  and  provide 
a  record  of  the  test  panel's  appearance  before  the  da¬ 
maged  areas  were  cleaned  out. 

Each  panel  was  then  cleaned  by  scraping  of  the  dama¬ 
ged  areas.  The  scraping  was  done  to  clear  the  damaged 
area  of  loose  fabric  and  tape  debris.  Damaged  fabric 
and  tape  in  the  layup  was  scraoed  away  to  the  point 
where  the  undamaged  laminate  was  still  intact. 

The  quantitative  damage  assessment  began  after  the 
test  panels  were  scraped  and  wiped  clean.  This  damage 
assessment  started  with  the  making  of  a  test  panel 
pencil  tracing.  Two  example  copies  of  these  pencil 
tracing  are  shown  in  Figures  10  and  11.  To  make  the 
pencil  tracings,  a  piece  of  paper  was  taped  into  po¬ 
sition  over  the  test  panel  damaged  area.  A  dull  poin¬ 
ted  pencil  was  then  rubbed  over  the  paper.  Enough 
pressure  was  applied  to  the  pencil  to  make  the  damage 
patterns  appear  on  the  paper,  but  not  so  much  pressure 
as  to  tear  holes  in  the  paper.  This  pencil  tracing 
technique  produces  a  one-for-one,  generally  well  defi¬ 
ned,  replica  of  the  test  panel  damage  area.  These  pen¬ 
cil  tracings  add  to  the  test  documentation  and  were 
used  in  the  measurement  of  the  test  panel  damage  area. 

The  damage  area  was  measured  by  using  a  plammeter  on 
the  pencil  tracing.  Usually,  the  test  panel  damage 
prevents  using  the  plammeter  directly  on  the  test 
panel  because  the  plammeter  requires  a  continuous 
smooth  surface  on  which  it  can  roll.  To  measure  the 
damage  surface  area,  the  plammeter  was  used  to  trace 
around  the  damage  area  perimeter  on  the  pencil  tra¬ 
cing.  The  plammeter  then  provided  a  readout  of  the 
area  in  square  inches. 

A  dial  indicator  mounted  on  a  bridge  was  used  to  mea¬ 
sure  the  damage  depth.  The  bridge  was  positioned  so 


ICOLSE  -  Paris  1985 


407 


that  it  was  over  and  spanning  the  damage  area.  It  was 
then  moved  until  the  dial  indicator  pointer  rested  in 
the  spot  having  the  greatest  depth.  This  measurement 
was  referenced  to  the  top  surface  of  the  panel.  Figu¬ 
re  12  illustrates  the  damage  depth  measurement. 

By  assuming  that  the  damage  volume  approximates  the 
volume  of  a  cone,  a  value  for  the  damage  volume  was 
calculated  by  using  the  formula  for  the  volume  of  a 
cone.  The  measured  area  and  depth  values  were  substi¬ 
tuted  in  the  cone  volume  formula  as  follows: 

V  -  Damage  Volume  =  (1/3)AD 

Where,  A  =  Damage  Area  in  square  inches, 

D  =  Damage  Depth  in  inches,  and 
V  =  Damage  Volume  in  cubic  inches. 

TEST  RESULTS 

Eight  15"x  16"x  0.15  "  graphite  epoxy  lest  panels 
were  lightning  tested.  Four  of  the  lest  panels  were 
exposed  to  Zone  1  A  ("A"  and  "B"  componente)  and  four 
of  the  panels  were  exposed  to  Zone  2  A  ("D",  "8",  "C- 
Mod"  components)  simulated  lightning  current  attach¬ 
ments.  The  simulated  lightning  current  waveforms  used 
are  illustrated  in  Figure  13.  Each  test  panel  was  sub¬ 
jected  to  two  current  attachments,  one  to  the  protec¬ 
ted  (nickel-coated  graphite  fabric)  half  and  one  to 
the  unprotected  (normal  graphite  fabric)  half  of  the 
panel.  This  current  attachment  approach  is  shown  in 
Figure  14. 

Two  of  the  test  panels  (7988  and  7944)  had  one  extra 
ply  in  their  layups.  Panel  7988  was  tested  at  the 
20U,000  ampere  Zone  1  A  level  and  panel  7994  was  te¬ 
sted  at  the  100,000  ampere  Zone  2  A  level.  The  extra 
ply  in  these  two  panels  did  not  appear  *u  cause  them 
to  respond  differently  to  the  lightning  currents  than 
the  other  panels. 

ZONE  1  A  RCSUUS 

Panels  7988,  7989,  7990,  and  7991  were  subjected  to 
Zone  1  A  lightning  current  attachments.  In  every  case, 
the  unprotected  half  (coded  NT),  of  the  test  panel 
was  punctured  during  testinq.  None  of  the  nickel- 
coaled  fabric  protected  halves  (coded  NC )  of  the  pa¬ 
nels  were  punctured  during  testing. 

Wlule  the  nickel-coated  fabric  liqhtmnq  protection 
system  prevented  puncturing,  t tie  protection  system 
itself  sustained  heavy  damaqe.  targe  portions  uf  the 
nickel-coated  fabric  were  blown  away  by  the  current 
attachment.  Ihe  nickel-coated  fabric  remaining  on  t lie 
panel  after  the  current  attachment  was  only  lousely 
bunded  to  the  panel  and  was  completely  removed  during 
the  scraping  process. 

Only  the  NC  half  of  the  Zone  1  A  test  panels  were 
scraped  for  damage  assessment.  Due  to  total  laminate 
puncture,  the  NF  halves  were  not  scraped.  Itie  light¬ 
ning  damage  assessment  for  the  NT  halves  of  the  Zone 
1  A  test  panels  is  simply  that  they  suffered  punctu¬ 
res  and  a  puncture  la  considered  to  be  a  failed  con¬ 
dition. 


The  Zone  1  A  simulated  lightning  current  test  values 
are  tabulated  in  Table  VII.  A  summary  of  the  damage 
values  for  the  Zone  1  A  test  panels  is  given  in  Table 
VIII. 

ZONE  2  A  RESULTS 

Panels  7992,  7993,  7994,  and  7995  were  subjected  to 
Zone  2  A  lightning  current  attachments.  These  panels 
suffered  less  surface  area  damage  than  did  the  Zone 
1  A  panels.  The  unprotected  half  (NF)  of  panel  7993 
was  punctured  by  the  current  attachment. 

The  puncture  damage  of  panel  7993  was  not  as  severe 
as  that  of  the  Zone  1  A  punctures.  8ecause  of  this, 
the  damage  to  the  NF  half  of  7993  was  scraped  and 
assessed  in  the  same  manner  as  the  other  Zone  2  A  pa¬ 
nels. 

Table  IX  presents  the  Zone  2  A  simulated  lightning 
current  test  values.  The  Zone  2  A  panel  damage  values 
are  summarized  in  Table  X. 


CONCLUSIONS 

For  this  particular  panel  layup  configuration,  the 
nickel-coated  fabric  outer  ply  demonstrates  the  abi¬ 
lity  to  protect  the  underlying  tape  plies  from  severe 
damage  resulting  from  Zone  1  A  200,000  ampere  light¬ 
ning  current  attachment.  This  protection  capability 
was  shown  in  that  no  punctures  were  sustained  in  the 
protected  halves  of  the  panels  while  all  of  the  un¬ 
protected  halves  of  the  Zone  1  A  panels  were  punctu¬ 
red.  Results  of  these  Zone  1  A  tests  indicate  that 
the  nickel-coated  fabric  outer  ply  will  probably  suf¬ 
fer  damage  over  a  larger  area  than  an  unprotected 
fabric,  but  the  damage  depth,  area  and  volume  in  the 
underlying  plies  will  be  substantially  reduced. 

Ihe  Zone  2  A  test  results  provide  a  more  quantitative 
damage  comparison  between  the  protected  and  unprotec¬ 
ted  panel  halves.  One  prominent  trend  in  the  data  is 
that  the  protected  halveo  sustained  a  more  sh'  ,w 
damage  depth  and  a  smaller  damage  volume  thr  Ine  un¬ 
protected  halves.  A  second  trend  shown  in  the  data  is 
that  the  surface  area  damage  was  greater  for  the  pro¬ 
tected  than  unprotected  halves.  This  data  seems  to 
indicate  that  the  nickel  metallized  fabric  allows  the 
attachment  current  to  spread  over  a  larger  area.  This 
means  there  is  a  lower  current  density  at  the  attach¬ 
ment  point  resulting  in  less  damage  to  the  protected 
underlying  plies  of  the  laminated  panel. 
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TABLE  I 


TEST  MATRIX 


Panel  ID 

Lightning  Strike 

Mechanical 

Test  Type 

Test  Type 

7988  1 

Zone  1 A 

Compression 

7989 

Zone  1A 

Compression 

7990 

Zone  1 A 

Tension 

7991 

Zone  ia 

Tension 

7992 

Zone  2A 

Tension 

7993 

Zone  2A 

Tension 

7994  * 

Zone  2A 

Compression 

7995 

Zone  2A 

Compression 

'  Panel  7988  was  laid  up  by  mistake  with  one  ex’ra  ply  of  tape  oriented  at  0°  and  located  tetween  the 
14th  and  16th  ply,  counting  from  the  tool  side  or  fabric  side  of  the  panel. 

1  Panel  7994  was  laid  up  by  mistake  with  one  extra  ply  of  tape  oriented  at  46“  and  located  between  the 
7th  and  8th  ply,  counting  from  the  tool  side  or  fabric  side  of  the  panel 


TABLE  II 


TENSION  RESULTS  OF  PANELS  AFTER  ZONE  1A  LIGHTNING  STRIKE 


7992-CT.  NC 

12512 

0  1566 

01557 

1733 

855 

100 

89  0 

100 

1  60 

7993-CT.  NC 

1  2505 

0.1572 

01557 

1597 

81  2 

100 

82.0 

100 

1  40 

7990-CT;  NC 

1  2507 

01547 

01557 

1602 

828 

100 

82  3 

100 

1  4.75 

7991 -CT.  NC 

1  2521 

01542 

01557 

17.52 

90  7 

100 

899 

100 

1  475 

Average 

85  8 

100 

858 

100 

STO  OEV 

4  52 

4  22 

7990- IT  NC 

1  2504 

01416 

01557 

1480 

636 

97.4 

760 

886 

D 

2.75 

7990-2T.  NC 

1  2485 

01229 

01557 

1060 

69  0 

604 

545 

635 

D 

60 

7990-3T,  NC 

1  2505 

0.1447 

01557 

1449 

80  1 

934 

744 

86  7 

D 

50 

Average 

776 

904 

68  3 

796 

STO  DEV 

7  58 

688 

It  98 

140 

7931  -1 T ;  NC 

1  2504 

01406 

01557 

14  79 

84  1 

98  0 

760 

886 

D 

45 

7991 -2T.  NC 

1  2453 

01243 

01557 

1001 

647 

754 

51  6 

601 

D 

60 

7991 -3T.  NC 

1  2432 

01420 

01557 

1563 

885 

103.1 

80  7 

94.1 

0 

45 

Average 

79.1 

92  2 

694 

809 

STO  OEV 

12  70 

148 

15  61 

162 

Stress  calculated  based  on  measured  thickness  and  width 

I  Stress  calculated  based  on  measured  width  and  average  thickness  of  corresponding  control  specimens 

I I  =  intact;  0  *  Detached,  P  *  Partially  Intact 
Measured  from  one  end  of  specimen 

In  specimens  where  the  fabric  ply  is  partially  intcct,  the  thinner  measurement  is  recorded  In  specimens  where 
damage  is  severe,  eg.  with  a  hole,  a  median  thi  .knees  is  recorded 
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TABLE  lil 


TENSION  RESULTS  OF  PANELS  AFTER  ZONE  2A  LIGHTNING  STRIKE 


7992-CT  NF 

1.2529 

0.1566 

0.1569 

12.65 

64.5 

100 

64.4 

100 

1  5.5 

7993-CT;  NF 

1  2528 

0.1592 

0.1569 

15.79 

792 

100 

80  3 

100 

1  50 

7990-CT;  NF 

1.2516 

01560 

0.1569 

18.63 

95  4 

100 

94  9 

100 

1  475 

7991 -CT:  NF 

1  2520 

0  1543 

0.1569 

17.15 

888 

100 

87.3 

100 

1  4.5 

Average 

820 

100 

81.7 

100 

STD  DEV 

1343 

13.01 

7992-CT,  NC 

1  2512 

0  1566 

0.1557 

17.33 

88  5 

100 

89.0 

100  1 

1  6.0 

7993-CT,  NC 

1  2505 

01572 

0.1557 

1597 

81  2 

100 

82.0 

100  1 

1  4  0 

7990-CT;  NC 

1  2507 

0.1547 

0  1557 

16.02 

32  8 

100 

823 

100 

1  4.75 

7991-CT.  NC 

1.2521 

01542 

0  1557 

17.52 

907 

100 

89.9 

100 

1  4  75 

Average 

858 

100 

85.8 

100 

STD  DEV 

4  52 

4.22 

7992-1T;  NF 

1  2529 

01467 

0.1569 

1439 

783 

95.5 

732 

89  0 

P 

3.25 

7992-2T;  NF 

1.2489 

00974 

0  1569 

803 

660 

80.5 

41  0 

50  2 

D 

4.0 

7992-3T.  NF 

1.2474 

01467 

0  1569 

12.68 

693 

845 

648 

79.3 

P 

425 

Average 

71  2 

86  8 

597 

730 

STD  DEV 

6  37 

7  76 

1673 

204 

7993- IT;  NF 

1  2499 

01472 

01569 

12  44 

67  6 

82.4 

63.4 

77  6 

P 

55 

7993-2T;  NF 

1.2476 

0  0733 

0  1569 

2  67 

293 

35  7 

13.7 

16  8 

D 

6.0 

7993-3T.  NF 

1  2504 

0.1457 

0.1569 

1330 

730 

890 

67  8 

830 

P 

4.75 

Average 

566 

691 

48  3 

591 

STD  DEV 

23  85 

291 

30  07 

368 

7992-1 T.  NC 

1  2510 

01483 

01557 

17  10 

92  2 

1075 

87  8 

1023 

D 

4.75 

7992-2T.  NC 

1  2482 

01399 

01557 

16  7S 

96  1 

1120 

864 

1007 

D 

575 

7992-3T.  NC 

1.2504 

01463 

0  1557 

1511 

826 

963 

77  6 

904 

D 

4.5 

Average 

903 

1052 

83  9 

978 

STD  DEV 

694 

810 

549 

644 

7993-1T;  NC 

1.2505 

0  1445 

0  1557 

15.75 

872 

101.6 

809 

943 

D 

GO 

7993-2T.  NC 

1  2458 

01360 

01557 

1242 

73  3 

854 

64.0 

74  6 

D 

6  25 

7993-3T;  NC 

12504 

01455 

0  1557 

1568 

862 

100.5 

80  5 

938 

P 

4.5 

Average 

82.2 

958 

75  1 

876 

STD  DEV 

7  73 

904 

963 

11.2 

'  St  res*  calculated  based  on  measured  thickness  ir.d  width 

'  Stress  calculated  based  on  measured  width  and  average  thickness  of  corresponding  control  specimens. 

1 1  *  Intact;  D  *  Detached;  P  *  Partially  Intact 
■  Measured  from  one  end  of  specimen. 

'  In  specimens  where  the  fabric  ply  is  partially  intact,  the  thinner  measurement  Is  recorded.  In  specimens  where 
damage  is  severe,  eg,  with  a  hole,  a  median  thickness  Is  recorded. 


ICOLSE-  Paris  1985 


TABLE  IV 

COMPRESSION  RESULTS  OF  PANELS  AFTER  ZONE  1A  LIGHTNING  STRIKE 


7994-CC;  NC  > 

1.2494 

0.1628 

01624 

21.50 

105.7 

100 

1059 

100 

1  5.25 

7995-CC  NC 

1.2506 

0.1562 

0.1 5S7 

22  43 

114  8 

100 

1152 

100 

1  4.5 

7988- CC.  NC  • 

1  2504 

0.1619 

01624 

23  46 

1159 

100 

1155 

100 

1  4.75 

7989-CC.  NC 

1  2520 

0.1552 

01557 

msm 

1086 

100 

1082 

100 

1  4.75 

Average 

111.2 

100 

111.2 

100 

STD  DEV 

4  92 

487 

7988-lC;  NC  * 

1  2499 

0.1522 

0.1624 

16.53 

86  9 

78.1 

81.4 

732 

D 

7988-2C;  NC  • 

1  2496 

01351 

0.1624 

■IlvM 

87.1 

78  3 

724 

651 

D 

7988-3C:  NC  • 

1  2479 

01531 

0.1624 

2165 

113.2 

101  8 

1068 

960 

D 

Average 

95.7 

86.1 

86.9 

78.1 

STD  DEV 

1518 

13.6 

1783 

160 

7989- 1C;  NC 

1  2489 

0.1430 

0.1557 

1397 

78  2 

703 

71  8 

646 

D 

7989-2C.  NC 

1  2465 

01231 

01557 

67  1 

603 

53.1 

47.8 

D 

7989- 3C;  NC 

1  2476 

01436 

01557 

14.00 

782 

70.3 

721 

64  8 

D 

Average 

74.5 

670 

657 

591 

STD  DEV 

6.39 

5  76 

1091 

9.79 

1  Stress  calculated  based  on  measured  thickness  and  width 

*  Stress  calculated  based  on  measured  width  and  average  thickness  of  corresponding  control  specimens 
J I  *  Intact.  D  =  Detached.  P  =  Partially  Intact 

*  Measured  from  one  end  ot  specimen 

*  Panel  7994  was  laid  up  by  mistake  with  one  extra  ply  ot  tape  oriented  at  45’  and  located  between  the 
7th  and  3th  ply  counting  from  the  tool  side  or  fabric  side  of  the  panel 

4  Panel  7988  was  laid  up  by  mistake  with  one  extra  ply  of  tape  oriented  at  0*  and  located  between  the 
14th  and  16th  ply  counting  from  the  tool  side  or  tabric  side  of  the  panel 

’  In  specimens  where  the  fabric  ply  is  partially  intact,  the  thinner  measuremenl  is  recorded  In  specimens  where 
damage  is  severe,  e  g  .  with  a  hole,  a  median  thickness  is  recorded 
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TABLE  V 

COMPRESSION  RESULTS  OF  PANELS  AFTER  ZONE  2A  LIGHTNING  STRIKE 


Sped  men  fO 

Ti. 

// 

- 

Wl 

/  111 
Hi*  /  # 

ii  h  /// 
//* 

/I 

lii 

9 / 

>  h 
111 

7994-CC;  NF  1 

1.2511 

01613 

01628 

17.38 

86  1 

100 

85.3 

110 

i 

50 

7995-CC;  NF 

1.2520 

01568 

01569 

18.95 

965 

100 

96  5 

100 

i 

6.0 

7988-CC,  NF  ‘ 

1  2505 

0.164? 

0.1628 

17.58 

85.6 

100 

864 

100 

i 

4.25 

7989-CC;  NF 

1.2517 

0.1585 

01569 

17.02 

85.8 

100 

86.7 

100 

i 

5.75 

Average 

88  5 

100 

88  7 

100 

STD  DEV 

535 

5.21 

7994-CC;  NC  ! 

1  2494 

01628 

0.1624 

21.50 

105  7 

100 

105.9 

100 

, 

525 

7995-CC.  NC 

1  2506 

0.1562 

01557 

22.43 

114  8 

100 

1152 

100 

i 

45 

7988-CC;  NC  • 

1.2504 

0  1619 

01624 

23.46 

115.9 

100 

115.5 

100 

i 

4.75 

7989-CC;  NC 

1  2520 

0.1552 

01557 

21.10 

108  6 

100 

108  2 

100 

i 

4.75 

Average 

111.2 

100 

111.2 

100 

STD  DEV 

4  92 

4  87 

7994- 1C;  NF  > 

1.2489 

0.1500 

0  1628 

1623 

86  7 

980 

798 

900 

p 

60 

7994-2C  NF  * 

1.2488 

01059 

01628 

1059 

80.1 

905 

52.1 

587 

D 

60 

7994-3C.  NF  * 

1  2482 

0.1465 

328 

1627 

89  0 

100.6 

80.1 

903 

D 

60 

Average 

85  2 

96.4 

70  7 

797 

STD  DEV 

4  62 

524 

16.09 

18.1 

7995-1C.  NF 

1  2524 

0  1504 

0  1569 

16  66 

884 

99  9 

84  8 

956 

P 

40 

T995-2C.  NF 

1  2479 

00861 

0  1569 

782 

72  8 

82  3 

399 

450 

D 

55 

7995-3C;  NF 

1  2496 

01466 

01569 

17.34 

94  7 

1070 

885 

99  8 

P 

575 

Average 

853 

964 

71.1 

801 

STD  DEV 

11  27 

12  7 

27  00 

30.5 

7994-1C.  NC  ’ 

1.2521 

0.1510 

0.1624 

19.29 

102  0 

917 

94  9 

85.3 

D 

55 

7994-2C.  NC  > 

1  2477 

01413 

0.1624 

15  28 

86.7 

78.0 

75  4 

67  8 

D 

60 

7994-3C;  NC  > 

1  2482 

0.1545 

0  1624 

18  55 

962 

86  5 

91  5 

82  3 

D 

50 

Average 

95  0 

85.4 

87  3 

785 

STD  DEV 

7  75 

695 

10  40 

9  37 

7995-  1C;  NC 

1  2512 

0  t437 

0  1557 

17*6 

97  7 

87  9 

90  2 

81.1 

D 

5.0 

7995-2C.  NC 

t  2487 

0.1416 

0  1557 

18  58 

105.1 

945 

95.5 

859 

D 

50 

799S-3C;  NC 

1  2498 

01471 

01557 

19.08 

103? 

93  3 

98  1 

882 

D 

575 

Average 

102.2 

91  9 

946 

85  1 

STD  DEV 

394 

3  55 

4  03 

362 

'  Stress  calculated  based  on  measured  thickness  and  width 

*  Stress  calculated  based  on  measured  width  and  average  thickness  of  corresponding  control  specimens 
1 1  =  Intact;  D  *  Detached,  P  -  Partially  Intact 

‘  Measured  from  one  end  ol  specimen 

*  Panel  7994  was  laid  up  by  mistake  with  one  extra  ply  ol  tape  oriented  al  45*  and  located  between  the 
7th  and  6th  ply  counting  from  the  tool  aide  or  tabnc  side  of  the  panel 

*  Panel  7988  was  laid  up  by  mistake  with  one  extra  ply  ol  tape  oriented  at  0*  and  located  between  the 
I4fh  and  16th  ply  counting  from  the  tool  aide  or  fabric  aide  of  the  panel. 

'  fn  specimens  where  the  fabric  ply  ia  partially  Intact,  the  thinner  measurement  la  recorded  In  specimens  where 
damage  is  severe,  e  g  ,  with  a  hole,  a  median  thickness  is  recorded. 
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TABLE  VI 


AVERAGE  MECHANICAL  TEST  RESULTS  OF  PANELS 
AFTER  LIGHTNING  STRIKE  ' 


Tension 

Compression 

Normalized 

Strength 

(k.1) 

Strength 

Retention 

(*> 

Normalized 

Strength 

(ksl) 

Strength 

Retention 

<*> 

Control 

81  7 

100 

88.7 

100 

NF 

(130) 

(5.2) 

Control 

85.8 

100 

111.2 

100 

NC 

(42) 

(49) 

Zone  1A 

0 

0 

0 

0 

NF 

Zone  1A 

689 

80.3 

763 

686 

NC 

(12.5) 

(146) 

(176) 

(158) 

Zone  2A 

540 

660 

709 

799 

NF 

(22.6) 

(27.6) 

(199) 

(225) 

Zone  2A 

79.5 

92  7 

909 

81.8 

NC 

(8  5) 

(9.9) 

(8.1) 

(7.3) 

’  Average  value  of  the  results  of  4  specimens  tor  the  control  and  6  specimens  to r  the  lightning  strike  tested  panels 
Data  from  Tables  II,  III.  IV,  and  V. 

(  )  Standard  Deviation 

NF  =  Panels  with  Normal  Fabric 

NC  =  Panels  wilh  Nickel  Coated  Fabric 


TABLE  VII 


ZONE  1A  TEST  VALUES 


“A"  Component 

“B"  Component 

Panel 

No. 

Peak 

Current 
(HP  Amps) 

Action 
Integral 
(UFA1  Sec) 

Average 

Current 
(IIP  Amps) 

Energy 

Transfer 

(Coulombs) 

Panel 

Puncture 

7988-NC 

184 

24 

1.7 

95 

NO 

7988-NF 

168 

2.1 

1.7 

8.5 

YES 

| 

7989-NC 

207 

30 

18 

8.6 

NO 

7989-NF 

188 

25 

1.8 

88 

YES 

7990-NC 

199 

29 

16 

92 

NO 

7990-MF 

199 

27 

1.7 

95 

YES 

7991-NC 

203 

2.9 

1.7 

63 

NO 

7991-NF 

195 

28 

1.7 

95 

YES 

Note;  NC  -  Nickel  Coated  Fabric  (protection  system) 
NF  «  Normal  Fabric  (unprotected! 
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TABLE  VIII 


ZONE  1A  DAMAGE  VALUES 


Damage* 

Panel 

Depth 

Area 

Volume 

Maximum" 

Depth 

No. 

(Inch) 

(In.’) 

(In.*) 

(Inch) 

7988-NC 

0.017 

65 

0037 

0  034 

7988-NF 

PUNCTURE 

— 

(0.150) 

79B9-NC 

0.026 

7.6 

0.066 

0043 

7989-NF 

PUNCTURE 

~ 

(0.150) 

7990-NC 

0026 

9.6 

0.083 

0.043 

7990-NF 

PUNCTURE 

(0.150) 

7991-NC 

0.028 

6.3 

0.059 

0045 

7991-NF 

PUNCTURE 

(0.150) 

'Damage  Values  referenced  to  the  2nd  ply  as  the  1st  ply  (126-in’  nickel  coated  fabric)  was  totally  removed. 


"Maximum  Depth  =  (2nd  ply  reference  dept  i)  ♦  (outer  ply  thickness,  0.017-in.) 

'  -  Nickel  Coated  Fabric  (protection  system) 

N-  -  Normal  Fabric  (unprotected) 


TABLE  IX 

ZONE  2A  TEST  VALUES 


*0"  Component 

"S'  Component 

Panel 

No. 

Peek 

Current 
(10*  Amps) 

Action 
Integral 
(10*A*  Sec) 

Average 

Current 
(10*  Amps) 

Energy 

Transfer 

(Coulombs) 

Panel 

Puncture 

7992-NC 

83 

24 

1  7 

85 

NO 

7992-NF 

78 

20 

1  9 

9.5 

NO 

7993-NC 

97 

28 

1.8 

90 

NO 

7993-NF 

102 

26 

1.8 

88 

YES 

7994- NC 

102 

33 

1  8 

90 

NO 

7994-NF 

97 

29 

1.7 

86 

NO 

7995- NC 

98 

32 

1  8 

90 

NO 

7995-NF 

103 

29 

1  8 

90 

NO 

Note  C-mod'  Component  values  for  all  Zone  2A  panels  NC  *  Nickel  Coated  Fabric  (protection  system) 

Average  Current  *  <50  Amps.  Energy  Transfer  >  20  Coulombs  NF  =  Normal  Fabric  (unprotected) 
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ZONE  2A  DAMAGE  VALUES 


Damage 

Panel 

Depth 

Area 

Volume 

No. 

(inch) 

(in.1) 

(in.’) 

7992-NC 

0024 

35  8 

0.286 

7992-NF 

0.089 

131 

0  389 

7993-NC 

0.032 

232 

0  247 

7993-NF 

(0150) 

(12  3) 

(0617)  (PUNCTURED) 

7994-NC 

0023 

29  6 

0227 

7994-NF 

0.087 

15.2 

0440 

7995-NC 

0020 

25  2 

0188 

7995-NF 

0105 

123 

0431 

Note  NC  =  Nickel  Coated  Fabric  (protection  system) 
NF  -  Normal  Fabric  (unprotected) 
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FIELD  OBSERVATIONS  OF  AIRCRAFT  CHARGING  IN  CONVECTIVE  CLOUDS 

B.  Gardiner,  J.  Hallett  and  C.P.R.  Saunders* 

Atmospheric  Sciences  Center ,  Desert  Research  Institute ,  P.O.  Box  60220,  Reno,  Nevada  89506,  V.S.A. 
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ABSTRACT 

Aircraft  charge  was  measured  during  penetrations  of  summer  convective  clouds  in  Montana  as  part  of 
the  Desert  Research  institute  involvement  In  the  Cooperative  Convective  Precipitation  Experiment.  An 
Aerocommander  was  Instrumented  to  measure  electric  field,  aircraft  charge,  ice  particle  type  and  con¬ 
centration,  precipitation  particle  charge  and  the  usual  meteorological  parameters.  Preliminary  results 
are  presented  which  point  to  the  Importance  of  ice  particles  In  aircraft  charging  and  are  compared  with 
laboratory  results  at  lower  impact  velocity.  Evidence  is  presented  to  show  that  temperature,  liquid 
water  content  and  electric  field  may  affect  the  sign  and  magnitude  of  charging.  No  evidence  was  found 
to  link  sudden  changes  In  aircraft  charge  or  local  electric  field  to  lightning  strikes  on  the  aircraft. 


INTRODUCTION 

Laboratory  studies  of  graupel  charging  [  1  -  3  ] 
have  demonstrated  that  charging  only  c-ccurs  In  the 
presence  of  ice  crystals  and  supercooled  water. 
Charging  was  aiso  found  to  be  a  function  of  tem¬ 
perature,  liquid  water  content  snd  the  concentration 
of  Impurities  [(NHqJjSOq  and  NaCl]  In  the  liquid 
water.  Of  particular  Importance,  Jayaratne  et  al.  [3] 
found  that  the  sign  of  the  graupel  charging  changed 
sign  at  a  temperature  between  -10°C  and  -20#C 
depending  on  the  liquid  water  content.  The  charge 
separated  per  collision-separation  event  for  100  pm 
diameter  ice  crystals  (the  largest  used  in  laboratory 
studies)  is  typically  IfC,  though  this  can  be  lOx 
larger  in  the  presence  of  impurity  concentrations 
typical  of  the  atmosphere.  Gardiner  et  al.  [4],  from 
observations  of  Montana  convective  storms,  have  found 
that  so  long  as  it  is  possible  to  extrapolate  labora¬ 
tory  resuits  to  Ice  crystal  sizes  more  typical  of 
convective  clouds,  many  aspects  of  thunderstorm 
electrification  may  be  explained  in  terms  of  graupel- 
Ice  charging.  Furthermore,  the  observations  suggest 
that  the  conditions  suitable  for  charging  may  only 
occur  in  very  specific  regions  of  the  clouds  where 
graupel,  vapor  grown  crystals  and  supercooled  water 
are  co-located  and  these  regions  are  likely  to  be  at 
the  boundary  between  updrafts  and  downdrafts  [sj. 

Field  mills  mounted  on  the  top  and  bottom  of  an 
aircraft  fuselage  provide  the  charge  carried  on  the 
aircraft.  The  measurement  of  aircraft  charge,  along 
with  that  of  electric  field,  ice  type  and  con¬ 
centration,  partlcie  charge,  ilquid  water  content  and 
temperature,  are  analyzed  in  order  to  reveal  details 
of  the  mechanism  for  aircraft  charging  and  its 
possible  role  in  initiating  lightning  strikes.  In 
particular  it  is  important  to  understand  how  aircraft 
become  charged,  with  what  magnitude  and  sign,  and 
whether  by  being  charged  aircraft  more  iikely  to  be 
struck  by  lightning.  Although  circumstantial  evi¬ 
dence  from  the  increase  in  radio  static  during 
flights  through  precipitation  shafts  points  to  the 
importance  of  ice  collisions  in  aircraft  charging, 
the  connection  has  not  been  well  established  by 
detailed  observation.  If  ice  is  important,  a  number 
of  questions  are  raised.  Is  it  possible  to  extend 
what  has  been  learnt  about  graupel- ice  and  Ice-metai 


[6]  charging  in  the  laboratory  at  low  impact  veloci¬ 
ties  (~  10  m  s'1)  to  charging  at  aircraft  speeds  (100 
-  ISO  m  s'1)?  Does  the  aircraft  become  charged  by 
acquiring  charge  already  carried  by  the  Ice  particles 
or  simply  by  virtue  of  the  collisions  themselves? 
Does  the  trail  of  charged  Ice  cloud  left  by  the 
aircraft  act  as  a  channel  for  lightning  strokes? 


FIELD  OBSERVATIONS 

An  Instrumented  Aerocommander  aircraft  was 
o^eratefl  for  the  Desert  Research  institute  during  the 
CCOPE  project.  The  CCOPE  project  [7]  was  a  coopera¬ 
tive  project  Involving  various  University  groups, 
NCAR  ,  the  Bureau  of  Reclamation,  the  iiiinols  State 
Water  Survey,  NASA  ,  NOAA  and  the  National  Research 
Council  of  Canada  which  took  place  In  Eastern  Montana 
during  the  summer  of  19B1.  14  aircraft,  B  radars,  2 

mesoscaie  surface  data  networks  and  a  radiosonde  net¬ 
work  were  used  to  make  an  extremely  thorough  investi¬ 
gation  of  all  aspects  of  convective  storms. 

The  Aerocommander  was  equipped  to  measure  the 
following  parameters: 


a)  Vertical  Electric  Field  and  Aircraft  Charge. 

Rotating  shutter-type  field  mills  were  mounted 
on  the  top  and  bottom  of  the  aircraft  fuselage. 
These  were  flush  to  the  surface  and  located  just 
behind  the  trailing  edge  of  the  wings.  The  field 
mills  operated  on  both  a  sensitive  and  insensitive 
range,  full  scales  of  1.2  ±  0.4  kv  m'1  and  50  t  2 
kv  m'1  respectively.  Both  field  mills  were  calibrated 
on  the  ground  between  parallel  plates  with  correc¬ 
tions  for  edge  effects.  The  field  measured  by  each 


2  Cooperative  Convective  Precipitation  Experiment 

3  National  Ocean  and  Atmospheric  Administration 
H  National  Center  for  Atmospheric  Research 

National  Aeronautic  &  Space  Administration 
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mill  when  mounted  on  the  aircraft  is  the  sum  of  the 
atmospheric  electric  field  and  the  field  produced  by 
charge  residing  on  the  aircraft  skin.  Therefore  the 
field  measured  by  the  upper  and  lower  field  mills,  E|j 
and  Ej_  respectively,  is  given  by 


E(j  =  aEp  +  cEq 

(1) 

El  =  -bEp  +  dEQ 

(2) 

where  Ep  is  the  vertical  atmospheric  electric  fleid, 
Eq  is  the  field  due  to  the  aircraft  charge  and  a,  b, 
c  and  d  are  factors  due  to  the  aircraft  shape  which 
have  to  be  determined.  To  simplify  the  problem  con¬ 
sider  the  aircraft  to  be  represented  by  a  horizon¬ 
tally  orientated  prolate  spherlod  with  rotational 
symmetry,  length  21  and  diameter  2r.  it  can  be  shown 
[8]  that  the  field  on  the  vertical  axis  at  the  sur¬ 
face  (Ep$)  due  to  a  charge  qA  residing  on  such  a  body 
is  given  by 

=  ‘  4 ire  t r  (3) 

o 

This  provides  the  factors  c  and  d  in  equations  (1) 
and  (2).  However,  the  solution  for  the  distortion  of 
the  external  field  EA  by  a  prolate  spheriod  is  extre¬ 
mely  complex  and  It  Is  simpler  for  these  purposes  to 
now  consider  the  aircraft  as  a  cylinder  stretching  to 
infinity  in  both  directions.  It  can  be  shown  [8j 
that  the  fleid  measured  at  the  top  surface  of  such  a 
body  (Ecu)is  given  by 

ECU  =  2EF  (*•) 

and  the  field  on  the  lower  surface  C E^|_)  by 

ECL  =  -JEF  (5) 

This  provides  the  factors  a  and  b.  Note  that  in  this 
paper  fieios  are  measured  in  the  opposite  direction 
to  the  conventional  physics  sense,  l.e.,  positive 
points  to  the  direction  a  negative  charge  will  move. 

Finally,  a  test  was  made  of  the  non-symmetry  of 
the  aircraft  by  seif-charging  the  aircraft  by  means 
of  a  high  voltage  supply  on  a  day  with  a  iow  ambient 
fieid.  The  ratio  of  upper  to  iower  field  milis  was 
found  to  be  given  by  E^j/E^  =  0.77  t  .03,  mainiy  due 
to  the  fact  that  the  wings  are  mounted  fiush  with  the 
upper  surface  of  the  fuseiage.  Therefore  combining 
aii  these  factors  gives 


U 


(0.77) 


1/2 


2EF 


qA 

4«c  ir 

o 


(6) 


1/2  4. 

(0.77)  1,1  EL  =  -2Ep  -  -  *  (7) 

*-  r  tit  tr 

o 

Rearranging  and  substituting  values  for  1  and  r 
gives 

Ep  =  0.2l5Ey  -  0.219EL  V  m'1  («) 

qA  =  -(0.364Eu  ♦  0.2»0EL)  x  10'»  C  (9) 


b)  Particle  Charge 

The  individual  charge  carried  by  precipitation 
(graupei)  particles  was  measured  by  means  of  the 
voltage  Induce'!  during  passage  through  an  Induction 
ring.  Spurious  charges  arising  from  impact  with  the 
induction  tube  were  excluded  from  analysis  by  exami¬ 
nation  of  the  pulse  shape  and  time  of  fiight  through 
a  second  ring  in  series  with  the  first.  The  percen¬ 
tage  of  all  particle  passages  which  impact  on  the 
Induction  ring  was  found  to  be  less  than  10%.  The 
voitage  levels  were  stored  on  audio  tape  after  a 
voltage  to  frequency  conversion.  Analysis  was  then 
performed  by  playing  the  tape  back  Into  a  microcom¬ 
puter  configured  as  a  storage  oscllllscope,  which 
allows  a  time  resolution  of  1  ms.  The  charge  par¬ 
ticle  device  provides  information  on  the  sign  and 
magnitude  of  individual  charges,  the  ratio  of  posi¬ 
tive  to  negative  charge  densities,  the  ratio  of  the 
numbers  of  positive  charged  particles  to  those 
charged  negative  and  the  ratio  of  the  total  numbers 
of  charged  particles  to  the  total  ice  concentration 
(see  (c)  below).  The  sampie  voiume  of  the  device  is 
165  1  s'1  it  a  fiight  speed  of  100  m  s'1  and  indivi¬ 
dual  particles  carrying  charges  within  the  range 
±5-100  pc  can  be  detected.  Since  the  aircraft  itself 
sweeps  out  a  volume  of  approximately  6.6  x  10s  Jt  s' ', 
It  Is  obvious  that  for  low  ice  concentrations  the 
charge  partlcie  detector  may  miss  particles  which  are 
nonetheless  affecting  the  aircraft. 

c)  Particie  Size,  Shape  and  Concentration 

Measurement  of  particie  type  and  sizes  in  the 
range  6  -  3000  pm  was  made  using  a  formvar  replicator 
[9]  which  has  a  sample  voiume  of  1  t  s'1,  horizontal 
resolution  1  m.  In  addition,  a  standard  Knoilenberg 
2D-C  probe  was  used  [  10 J .  This  measures  particies  in 
the  range  25  -  800  pm  and  has  a  sample  voiume,  on 
average,  of  5  t  s'1.  Once  again  the  problem  of  not 
detecting  particies  for  iow  Ice  concentrations,  as 
discussed  in  (b),  is  relevant. 

d)  Cioud  Dropiet  Characteristic* 

Details  of  the  £ioud  dropiet  spectra  were 
obtained  from  an  FSSP  probe  [10J  operating  on  the 
2  -  47  pm  (15  channels)  range  and  the  formvar  repli¬ 
cator.  The  cioud  iiquid  water  content  (LWC)  was 
obtained  by  integrating  over  the  entire  size  range  of 
the  FSSP  and  from  a  Johnson-Williams  ( J W )  liquid 
water  meter. 

a)  Temperature 

Temperature  to  an  accuracy  of  ±0.2°C  was 
obtained  using  both  Rosemount  and  reverse  flow  ther¬ 
mometers. 

f)  Vertical  Velocity 

Vertical  velocity  was  computed  in  the  manner 
described  by  Lawson  [llj  from  measurements  of  true 
airspeed,  pressure,  vertical  acceleration,  pitch, 
roli,  angie  of  attack  and  temperature. 

g)  Pressure  and  Position 


Forward  Scattering  Spectrometer  Probe 
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TTUI  (UDT) 


Figure  1c:  JW  measured  liquid  water  content,  1440:25 
•  1441:25.  21  July  1911. 


IIMtiM  Tun  (HDD  ItilSiH 

Figure  2c:  JW  measured  liquid  water  content,  1444-30 
-  1445:30,  21  July  1911. 
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The  FSSP  operated  at  100  Hz  In  cloud,  10  Hz  out 
of  cloud  whilst  most  other  parameters  were  gathered 
at  10  Hz  In  cloud  and  1  Hz  out  of  cloud. 

RESULTS 

Table  1  presents  a  summary  of  the  cloud  passes 
used  In  the  analysis  of  aircraft  charging.  Cloud 
passes  have  been  chosen  so  as  to  provide  a  matrix  of 
conditions;  different  ice  types  and  concentrations, 
different  liquid  water  contents  and  different  tem¬ 
peratures. 

a)  Mission  17A-Graupei  and  Vapor  Grown  Crystais 

A  series  of  penetrations  were  made  through  a 
line  of  cumulus  congestus  which  were  rapidly  gla¬ 
ciating.  Penetrations  were  made  at  an  altitude  of 
6800  m  and  a  temperature  of  -21°C.  The  highest  ice 
concentrations  and  aircraft  charging  observed  during 
the  CCOPE  project  were  found  in  these  clouds. 
Figure  la  shows  the  electric  field  (solid  line)  and 
aircraft  charge  (dashed  line)  for  a  one  minute  period 
during  the  first  pass  through  one  of  these  clouds 
whilst  Figure  1b  gives  the  measured  totai  ice  (solid 
line)  and  vapor  grown  crystal  (dashed  line)  con¬ 
centrations  over  the  same  period.  Both  graupel  and 
vapor  grown  crystals  were  observed  during  this  pass 
in  total  concentrations  as  high  as  600  i'1. 

Generally  in  periods  of  high  ice  concentration 
(>  100  K'1),  liquid  water  contents  (see  Figure  1c) 
were  low  (<  0.1  gm  m"3)  though  there  are  short 
periods,  such  as  around  1440:28  and  144C:5S.  when  the 
cloud  was  a  mixture  of  vapor  grown  crystals,  graupel 
and  supercooled  water,  conditions  previously  argued 
as  Ideal  for  graupel  charging.  The  aircraft  on  the 
other  hand  becomes  most  highly  charged  in  the  periods 
with  the  highest  Ice  concentrations,  1440:30-1440:40 
and  1441:05-1441:20  even  though  liquid  water  contents 
were  low.  In  general  the  aircraft  was  negatively 
charged  during  this  pass  though  between  1441:18  and 
1441:25  the  aircraft  charge  Is  strongly  positive.  A 
possible  reason  Is  that  the  predominant  ice  form 
changes  from  graupel  at  the  beginning  of  the  period 
to  vapor  grown  crystais  by  1441:10.  This  hypothesis 
can  be  checked  by  studying  passes  were  the  predomi¬ 
nant  ice  forms  are  graupel  and  vapor  grown  crystals 
respectively. 

Part  of  the  second  pass  through  this  cioud  is 
shown  in  Figure  2  a,  b,  c.  Note  the  abrupt  increase 
In  aircraft  charge  as  soon  as  Ice  is  encountered  at 
1444:30.  Charging  during  this  pass  is  always  nega¬ 
tive  and  the  predominate  ice  form  Is  graupei. 
Furthermore  the  strongest  charging  appears  super¬ 
ficially  to  be  associated  with  weak  values  or  the 
electric  fleid.  During  this  pass  extremely  large 
values  of  space  charge  density  were  measured  by  the 
particle  charge  sensor,  reaching  a  maximum  of 
-8C  km-3. 


b)  Mission  14A  -  Vapor  Crown  Crystais 

Let  us  examine  a  cioud  where  vapor  grown 
crystais  are  the  predominant  ice  form.  On  17  July 
1981  flights  were  made  through  the  feeder  celis  of  an 
extremely  complicated  storm  system  which  was  some¬ 
where  between  a  superceii  and  a  squali  iine.  Five 
penetrations  were  made  at  an  altitude  of  5600  m  and  a 


temperature  of  -14°C.  Liquid  water  contents  were  ex¬ 
tremely  low  throughout  these  passes  (~  0.07  gm  m"3). 
Figure  3b  shows  the  total  ice  (soiid  line)  and  vapor 
grown  crystal  (dashed  line)  concentrations  for  a  one 
minute  period  during  the  second  pass.  The  majority 
of  the  ice  was  found  to  be  small  (<  100  um)  plates 
and  very  littie  graupel  was  detected.  Figure  3a 
shows  that  charging  was  predominantly  negative  in 
contrast  to  our  inltiai  observations  in  Mission  17A 
which  suggested  that  vapor  grown  ice  charged  the 
aircraft  in  a  positive  sense.  Two  differences  that 
may  have  contributed  to  this  are  the  warmer  tem¬ 
perature  of  these  penetrations  and  the  almost  totai 
lack  of  any  liquid  water.  Even  though  in  Mission  17A 
liquid  water  contents  were  low  during  the  periods 
(-•  10  s)  with  the  highest  ice  concentrations,  between 
these  periods  water  contents  were  as  high  as 
1  gm  m'3. 
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Figure  3a:  Insensitive  electric  field  (solid  line) 
and  aircraft  charge  (dashed  line) , 
1246:00  -  1247:00,  17  July  1981. 
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Figure  3b:  Totai  ice  (solid  line)  and  vapor  grown 
crystal  (dashed  iine)  concentration, 
1246:00  -  1247:00,  17  July  1981. 
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c)  Mission  10A  -  Graupei 

A  series  of  penetrations  were  made  through  a 
iarge  decaying  system  on  11  July  1981.  These 
penetrations  were  at  an  altitude  of  4700  m  and  tem¬ 
peratures  close  to  the  freezing  ievei  (-2°C).  No 
vapor  grown  crystals  were  detected  in  this  cloud,  the 
ice  was  either  graupei  or  possibly  wet  growth 
graupei.  Two  distinct  charging  patterns  are  pre¬ 
sented  in  Figures  4  and  5  which  are  separated  by  2 
minutes.  Between  1824:30-1825:30  the  charging  is 
exclusively  positive  whiist  between  1826:20-1827:20 
the  charging  is  negative.  Two  differences  between 
these  periods  are  apparent.  in  the  first  period  a 
majority  of  the  Ice  is  wet  graupei  (dashed  line. 
Figure  4b)  whereas  very  iittie  was  detected  in  the 
second  period  (Figure  5b).  Since  this  couid  be  due 
to  meiting  in  the  replicator  at  these  high  tem¬ 
peratures,  the  results  should  be  viewed  with  caution. 
More  significant  is  the  change  in  the  sign  of  the 
eiectric  field,  positive  in  the  first  period,  nega¬ 
tive  in  the  second,  suggesting  that  the  eiectric 
field  may  have  some  Influence  on  the  charging  pro¬ 
cess  as  was  the  case  in  Buser  and  Jaccard's  [6] 
experiments. 

UWSON  NO.IO*  81/  7/11 


Figure  4a:  insensitive  eiectric  field  (soiid  iine) 
and  aircraft  charge  (dashed  iine), 
1824:30  -  1825:30.  11  Juiy  1981. 
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Figure  4b:  Total  Ice  (soiid  iine)  and  wet  growth 
graupei  (dashed  line)  concentrations, 
1824:30  -  1825:30,  11  July  1981. 
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Figure  5a:  Insensitive  electric  fieid  (soiid  iine) 
and  aircraft  charge  (dashed  iine), 
1826:30  -1827:30,  11  Juiy  1981. 

MISSION  NO. 18*  81/  7/11 


Figure  5b:  Totai  ice  (solid  iine)  and  wet  growth 
graupei  (dashed  line)  concentrations, 
1826:30  -  1827:30,  11  Juiy  1981. 

d)  Mission  29A  -  Supercooled  Cloud  Droplets 

To  verify  the  roie  of  Ice  In  aircraft  charging, 
a  cloud  pass  in  which  no  ice  was  detected  was 
studied.  A  number  of  moderate  sized  cumulus  were 
investigated  which  in  general  were  fairiy  ice  free. 
Penetrations  were  at  an  aititude  of  4800  m  and  a  tem¬ 
perature  of  -8°C.  Figure  6  shows  the  eiectric  fieid 
and  aircraft  charge  for  both  the  insensitive  and  sen¬ 
sitive  ranges  during  one  such  pass.  The  aircraft 
entered  cloud  at  1552  and  immediately  a  weak  eiectric 
fieid  (iong  dashes)  was  detected  and  the  aircraft 
became  charged.  This  is  particularly  obvious  in  the 
sensitive  aircraft  charge  (very  short  dashes),  but 
even  so  the  magnitude  of  charging  Is  significantly 
reduced  (~  -2.5  yC)  compared  to  the  previous  cases 
studied.  The  small  amount  of  charging  that  did  take 
place  was  probably  still  the  result  of  ice  colli¬ 
sions.  As  discussed  in  the  Fieid  Observations  sec¬ 
tion,  it  Is  possible  for  the  replicator  to  miss  ice 
particles  at  low  concentrations  because  of  its  smaii 
sample  volume  (1  t  a*1)  whereas  the  airpiane  sweeps 
out  a  much  larger  volume  (6.6  x  10*  (  s'').  The  par¬ 
ticle  charge  detector,  which  has  a  sample  volume  of 
166  Is*1,  did  detect  some  charged  precipitation  par¬ 
ticles  during  this  pass  (see  Table  1). 


428 


B.  Gardiner  et  al. 


16,1500  TIKE  (MDT)  IlilliJO 

Figure  6:  Insensitive  electric  field  (solid  line). 
Insensitive  aircraft  charge  (medium 
dashes),  sensitive  electric  field  (long 
dashes)  and  sensitive  aircraft  charge 
(short  dashes),  1615:10  -  1616:30,  6 

August  1981. 

e)  Lightning  Strikes 

Between  1900-1935  on  11  July  1981,  penetra¬ 
tions  were  made  through  a  highly  electrified  large 
scale  storm  system.  There  was  Intense  lightning 
activity  and  on  a  number  of  occasions  the  aircraft 
was  struck  by  lightning.  Two  such  occasions  are 
shown  in  Figure  7,  the  lightning  hit  the  aircraft  at 
1904:12  and  1906:55  at  which  times  the  on-board  com¬ 
puter  failed.  The  highest  electric  field  (saturated 
at  50  kv  m'1)  and  space  charge  density  (-9.4  C  km'9) 
observed  during  the  CCOPE  flights  were  found  In  this 
cloud. 
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Figure  7a:  Insensitive  eiectric  field  (solid  line) 
and  aircraft  charge  (dashed  line), 

1903:30  •  1904:30,  11  July  1981. 

Lightning  struck  the  aircraft  at  1904:12. 
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Figure  7b:  Insensitive  electric  field  (solid  line) 
and  aircraft  charge  (dashed  iine), 
1905:55  -  1906:55,  11  July  1981. 

Lightning  struck  the  aircraft  at  1906:55. 

DISCUSSION 


Significant  aircraft  charging  appears  to  occur 
only  In  the  presence  of  Ice.  Is  this  charge  due  to 
the  aircraft-ice  collisons  or  does  the  aircraft 
acquire  the  charge  already  carried  by  the  Ice 
particles?  During  Mission  17A  (1444:30-1445:30) 

space  charge  densities  carried  by  precipitation  par¬ 
ticles  reached  -8C  km'9.  A  quick  calculation  can  be 
made  to  test  whether  It  is  feasable  for  the  aircraft 
charge  to  have  been  acquired  from  these  precipitation 
particles.  The  volume  swept  out  by  the  aircraft  In  1 
sec  Is  given  by  the  true  air  «>eed  multiplied  by  the 
cross-sectional  area  —  660  m9  s" ' .  The  maximum 
possible  rate  of  charge  gain  (dqg/dt)  Is  given  by 


-8  x 


660  x  10'9  C  s’1 


(10) 


The  charge  decay  Is  given  by  an  exponential  where  the 
1/e  time  Is  4  secs  (see  1632:42  In  Figure  8,  the  time 
at  which  the  aircraft  emerged  from  a  cloud) .  There¬ 
fore  the  rate  of  charge  loss  (through  ionic 
neutralization)  at  any  Instant  in  time  Is  given  by 


dq  L  _  ~qA  (11) 

dt  4 


where  q*  is  the  aircraft  charge. 
For  equilibrium 


(12) 


which  gives, 

q^  =  -4  x  8  x  660  x  10'9C 
=  -20  »C 

The  maximum  aircraft  charge  observed  during  this 
pass  was  approximately  -50  wC  (1444:39),  and  some 
other  mechanism  is  therefore  needed  to  explain  the 
charging. 
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Figure  8:  Insensitive  electric  field  (solid  line). 
Insensitive  aircraft  charge  (medium 
dashes),  sensitive  electric  field  (long 
dashes)  and  sensitive  aircraft  charge 
(short  dashes),  1632:00  1633:00,  19  July 
1981. 

From  Figure  8  it  is  obvious  that  because  of  the 
decay  time  for  charge  carried  by  the  aircraft,  the 
aircraft  effectively  Integrates  over  a  four  or  five 
second  time  period.  Therefore  the  affect  of  changes 
In  Ice  type,  ice  concentration  or  liquid  water  con¬ 
tent  on  time  scales  shorter  than  this  will  not  be 
resolved.  Significant  changes  on  time  scales  less 
than  5  secs  are  observed  to  occur  quite  frequently  in 
Figures  1  and  2  and  therefore  It  will  be  Impossible 
to  determine  the  affect  of  these  sudden  changes  on 
the  aircraft  charge. 

The  measurements  presented  also  ailow  some 
Insight  to  be  gained  Into  the  reasons  for  lightning 
strikes  on  aircraft.  The  question  is  posed  as  to 
whether  the  lightning  strikes  were  correlated  with  an 
Increase  in  either  aircraft  charge  or  electric  field 
In  the  vicinity  of  the  aircraft.  From  Figure  7  no 
such  causality  Is  evident  In  either  case  and  this  was 
also  true  for  other  lightning  strikes.  Therefore  It 
would  seem  from  this  very  preliminary  investigation 
that  the  aircraft  was  hit  due  to  being  In  the  natural 
path  of  the  lightning  rather  than  because  of  some 
increase  In  electric  field  Intensity  at  its  surface. 
Because  only  measurements  of  vertical  electric  field 
were  made  it  is  possible  that  large  changes  In  the 
horizontal  electric  field  went  unnoticed. 

CONCLUSIONS 

The  results  presented  here  are  an  extension  to 
work  first,  presented  by  Christian  et  al  [  1 2  ] . 
Although  the  work  is  stiii  somewhat  preliminary  In 
nature,  several  conclusions  can  be  drawn. 

The  presence  of  ice  appears  to  be  necessary  for 
significant  charging  to  take  place.  On  the  6  August 
1981  (Mission  29A)  when  very  little  Ice  was  present, 
much  weaker  charging  was  observed  than  on  the  other 
days  studied.  The  form  of  the  ice  does  not  appear  to 
be  c-ltlcal,  both  vapor  grown  crystals  and  graupel 
charge  the  aircraft.  However,  there  is  some  evidence 
that  under  different  conditions  (temperature  and/or 
liquid  water  content)  the  sign  of  the  charging  may  be 
reversed.  For  example,  on  the  17  July  1981  (low  LWC, 


warm  temperatures),  vapor  grown  crystals  charged  the 
aircraft  negatively  whilst  on  the  21  July  1981 
(higher  LWC,  lower  temperatures)  the  aircraft  charged 
positively.  The  direction  of  the  electric  field 
appears  on  occasion  to  influence  the  sign  of  the 
charging  (Mission  10A)  though  this  needs  to  be 
investigated  more  thoroughly  before  any  definite 
conclusion  can  be  drawn. 

Calculation  suggests  that  charging  Is  a  result 
of  aircraft-ice  impacts  rather  than  by  stripping  of 
the  charge  already  carried  by  the  ice  particles. 
Laboratory  studies  of  Ice-Ice  collislonal  charging 
[l-3]  although  applicable  to  convective  storm 
electrification  [4]  do  not  appear  to  be  relevant  to 
aircraft  charging  (e.g.,  charging  occurs  without  the 
presence  of  liquid  water).  However,  some  aspects  of 
the  laboratory  studies  of  ice-metal  [6]  charging  do 
appear  relevant  (Influence  of  electric  field). 

The  large  variations  In  particle  type  and  con¬ 
centration  over  small  distances  in  convective  clouds 
make  Interpretation  of  the  data  somewhat  difficult. 
It  would  be  useful  to  repeat  these  measurements  under 
more  uniform  conditions  such  as  In  precipitating 
stratiform  clouds. 

Finally,  no  evidence  was  found  for  a  correlation 
between  lightning  strikes  on  the  aircraft  and  either 
the  charge  carried  by  the  aircraft  or  the  local 
electric  field. 
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TABLE  1 


Date 

Mission  No. 

Time  (MDT) 

Ait  (m) 

Temp  (»C) 

Average  LWC 
(gm  m*3) 

Average 
Particle 
Charge 
(C  km*3) 

Maximum 
Particle 
Charge 
(C  km*3) 

11  July  81 

10A 

1823-1854 

4700 

-2 

<0.05 

-0.4 

-1.9 

11  July  81 

10A 

1900-1935 

4800 

-3 

0.2 

-3.3 

-9.4 

17  July  81 

14A 

1244-1254 

5600 

-14 

0.07 

+0.08 

21  July  81 

17A 

1439-1441 

6800 

-21 

0.35 

-2.6 

-5.9 

21  July  81 

17A 

1444-1446 

6800 

-21 

0.1 

-4.5 

-8.1 

6  August  81 

29A 

1615-1617 

4800 

-8 

1.8 

+0.04 

10th  International  Aerospace  and  Ground  Conference  on  Lightning  and  Static  Electricity 


> 


DUST  ELECTRIFICATION  DURING  LARGE  EXPLOSIONS 


M.L.  Price,  R.A.  Persia*,  G.  Edlin+  and  C.B.  Moore* 

Electro  Magnetic  Applications  Inc.,  8200  South  Memorial  Parkway,  Suite  D,  Huntsville,  AL  85802,  U.S.A. 
*Electro  Magnetic  Applications  Inc.,  1978  South  Garrison,  Denver,  CO  8022?,  U.S.A. 

J Ballistic  Missile  Defense  Systems  Command,  Advanced  Technology  Center,  Huntsville,  AL  35807,  U.S.A. 
New  Mexico  Institute  of  Mining  S  Technology,  Socorro,  NM  87801,  U.S.A. 


ABSTRACT  -  Six  electric-field-measuring  instruments  were  placed,  flush  with  the  earth's  surface,  in  a 
line  radially  outward  from  Ground  Zero  during  the  DIRECT  COURSE  high  explosive  test  on  26  October  1983. 
Large  electric  field  excursions  (in  excess  of  +22  kV/m)  were  observed  above  each  instrument  after  the 
passage  of  the  explosion  shock  wave.  The  polarity  of  the  excursions  Indicates  that  negative  charges 
were  elevated  above  the  instruments.  These  negative  charges  came  from  the  earth,  apparently  as  a  result 
of  contact  electrification  during  the  turbulence  following  the  explosion.  The  observed  electrical 
excursions  were  short-lived;  it  appears  that  positive-ion  point  discharges  from  the  earth,  induced  by 
the  strong  concentrations  of  negatively-charged  dust,  acted  quickly  to  limit  and  then  to  reduce  the 
electrical  perturbations.  No  enhancement  in  the  atmospheric  electrification  was  observed  as  the  dust 
particles  fell  back  to  earth  but  local  effects  were  observed  as  dust  particles  struck  the  sensing 
electrodes.  The  local  charge  concentrations  residing  on  the  dust  particles  exceeded  200  nC/m3  which 
is  more  than  tenfold  greater  than  that  residing  on  cloud  particles  producing  thunderstorm  electrifica¬ 
tion.  Despite  these  high  local  concentrations  of  charges,  no  significant,  lightning-like,  electrical 
discharges  were  observed  except  at  the  time  of  shock  wave  passage  near  one  of  our  recorders.  We  infer 
that  the  observed  high  concentrations  of  charge  were  not  accumulated  sufficiently  in  organized  volumes. 
If  accumulations  were  to  occur  or  if  point  discharge  were  suppressed,  vigorous  electrical  discharges 
might  be  expected. 


I  -  INTRODUCTION 

Dust  electrification  can  occur  under  many  different 
sets  of  physical  conditions.  One  well-known  case  due 
to  volcanic  eruptions  produces  large  dust  plumes  in 
which  spectacular  displays  of  lightning  have  been 
reported.1  Measurements  made  of  the  Mount  St.  Helens' 
plume  show  that  large  amounts  of  electrical  charge 
were  present  for  many  hours  after  the  initial  large 
eruption  of  18  May  1980  and  numerous  electrical  dis¬ 
charges  were  observed  over  this  period.2  Another  area 
in  which  dust  electrification  can  be  a  serious,  and  in 
some  cases  catastrophic,  concern  occurs  within  storage 
silos  such  as  grain  elevators.3 

In  this  report,  we  consider  a  different  cause  of  dust 
electrification,  viz.,  that  produced  behind  the  shock 
wave  due  to  the  detonation  of  a  large  amount  (5.5  x 
105  kgm)  of  high  explosive.  The  resulting  dust  cloud 
extended  over  a  relatively  large  area,  i.e. ,  n,  I  km 
in  radius  from  Ground  Zero,  and  persisted  for  several 
minutes  before  the  larger  particles  fell  to  earth 
and  the  smaller  particles  were  lofted  high  into  the 
atmosphere.  A  series  of  measurements  were  made  of  the 
electric  fields  generated  inside  this  dust  layer. 

The  main  purpose  of  our  experiment  was  to  measure  in 
situ  local  electric  fields  and  their  changes  on  a 
time  scale  of  n,  micro-seconds.  This  required  the 
design  and  construction  of  an  electric  field  change 
meter  capable  of  responding  to  such  effects  and  also 
built  to  survive,  operate  and  record  during  the  event. 
Of  particular  Interest  to  our  group  was  the  recording 
of  the  electric  field  strength  and  polarity  with 
moderately  high  resolution  before,  during  and  after 
the  explosion.  Other  undocumented  reports  have  been 
made  of  electrification  sufficiently  vigorous  as  to 
cause  major  radio  disturbances.  We  wished,  therefore, 
to  observe  the  onset  of  any  electrical  disturbances, 
to  measure  the  peak  strength  and  to  determine  whether 
or  not  the  observed  electrification  intensified  as  any 


charged  dust  particles  fall  out,  possibly  leaving  a 
residual  charge  of  the  opposite  polarity  in  the 
atmosphere. 

II  -  EXPERIMENTAL  DESIGN 

The  high  explosive  test,  code-named  DIRECT  COURSE,  was 
conducted  on  the  White  Sands  Missile  Range  near 
Socorro,  New  Mexico.  It  consisted  of  a  fiberglass  - 
sphere  12.6  meters  in  diameter,  filled  with  5.45  x  105 
kgm  of  Ammonium  Nitrate  mixed  with  Fuel  Oil  (ANFO)  that 
was  placed  on  top  of  a  45.9  meter  steel  tower.  Upon 
detonation,  a  spherical  shock  wave  was  created  and  pro¬ 
pagated  through  the  atmosphere  and  over  the  desert-like 
terrain  surrounding  Ground  Zero.  This  produced  a 
highly  turbulent  region  containing  dust  lofted  behind 
the  shock  wave.  At  distances  close  to  Ground  Zero,  the 
dust  layer  extended  tens  of  meters  in  the  air  while, 
further  out,  the  dust  layer  raised  only  a  few  meters 
before  settling  back  onto  the  ground. 

Five  eletric-field  change-measuring  sensors  and  one 
electric-field  meterof  the  rotating  vane  type  (a  field 
mill)  were  placed  radially  outward  from  Ground  Zero. 

The  locations  of  the  instruments  are  shown  in  Figure 
2-1.  All  of  the  instruments  were  placed  so  that  abso¬ 
lute  electric  calibrations  could  be  made  without  the 
need  for  application  of  a  corrective  "form  factor." 

For  the  four  regions  with  expected  large  over-pressures 
after  the  explosion,  electric-field-change  instruments 
of  the  type  shown  in  Figure  2-2  were  prepared.  Each 
of  these  consisted  of  a  heavy  walled,  cubical  steel 
box  with  an  open  top  and  a  sensing  electrode  mounted 
inside  the  box  on  the  wall  closest  to  Ground  Zero.  The 
electrode  was  a  rectangular  aluminum  plate,  6  mm  thick, 
with  a  sensing  area  of  223  cm2.  An  overhang  and  an 
inclined  ramp  deflector  were  arranged  to  protect  each 
sensor  from  the  direct  Impact  of  flying  debris.  The 
electrode  was  elevated  about  14  cm  above  the  bottom 
of  the  box  so  as  to  keep  it  above  most  of  the  fallout 


7 


432 


M.L.  Price  et  al. 


material  collected  by  the  box.  A  battery-operated 
electronic  circuit  that  measured  any  displacement  cur¬ 
rents  flowing  to  the  recessed,  sensing  electrode  was 
located  underground  in  a  compartment  adjacent  to  the 
sensor.  A  silicone-lacquer-treated,  fioerglass  insula¬ 
tor  was  chosen  to  support  the  sensing  electrode  because 
it  was  less  microphonic  than  better  insulators  such  as 
Teflon. 

Four  6  volt  alkaline  lantern  batteries  provided  the 
±12  V  supply  needed  to  power  the  electronics.  The 
current  drain  by  the  systems  was  about  ±25  mA  which 
allowed  the  batteries  to  provide  useable  power  for  a 
period  in  excess  of  75  hours,  much  longer  than  the 
eight  hours  that  elapsed  between  initial  turn-on  and 
the  calibrations  after  the  explosion. 

The  operational  amplifier  (National  Semiconductor  type 
LF356)  used  in  the  circuit  was  arranged  to  have  a 
risetime  of  about  0.5  microseconds  or  a  frequency 
response  of  about  300  kHz.  An  integrating  time  con¬ 
stant  of  30  milliseconds  (Rf  »  3.0  x  10®  ohms  and  Cf 
=  100  pF)  was  then  used  to  obtain  wide  dynamic-range 
measurements  of  discrete  changes  in  the  electric  field. 
Use  of  this  feature  convolves  any  incident  electric 
field  changes  with  the  instrumental  relaxation  but  it 
allows  a  measure  of  the  fast  changes  in  electric  field 
normally  associated  with  lightning,  relatively  unaffec¬ 
ted  by  any  earlier  changes  which  will  have  relaxed. 

Data  obtained  in  this  manner  must  be  "de-convoluted" 
to  remove  the  instrumental  relaxation  effects.  The 
technique  for  deconvolution  was  reported  in  Reference 
4.  If  charge  is  transferred  to  or  from  the  sensing 
electrode  during  the  recording  period,  it  too  is  de¬ 
tected  and  can  be  estimated  by  a  variation  of  this 
technique.  Instead  of  interpreting  the  deconvoluted 
response  as  a  fiold  change,  It  can  be  treated  as  a 
charge  change. 

The  signals  from  the  sensing  amplifier  were  passed 
through  a  wideband,  fast,  single-ended,  driver  ampli¬ 
fier  (National  Semiconductor  type  LHQ033)  and  then 
sent  to  South  Instrumentation  Park  through  RG-2I3 
cables.  At  South  Instrumentation  Park  the  signal 
cables  were  terminated  by  50  ohm  GR  resistors,  Isolated 
from  the  earth. 

The  signals  appearing  across  the  50  ohm  termination 
were  sensed  differentially  with  the  use  of  LF356 
operational  amplifiers  that  drove  a  14  channel,  analog, 
magnetic-tape  recorder  having  an  FM  recording  response 
of  0.5  MHz. 

In  a  clearing  northeast  of  South  Instrumentation  Park, 
the  electric  field  meter  and  another  field  change 
meter  were  burled  so  that  their  upper  surfaces  also 
were  flush  with  the  surrounding  earth.  The  outputs 
from  these  Instruments  also  went  through  the  differen¬ 
tial  amplifier  bank  and  were  recorded  on  magnetic  tape. 

Each  of  the  six  Instruments  was  calibrated.  In  place, 
by  the  use  of  a  1  meter,  square  metal  plate  supported 
on  bakellte  (l.e.,  charge-free)  Insulators  at  a  height 
of  11.1  cm  above  the  level  of  the  box  or  Instrument 
top.  A  ±68.0  volt  potential  was  applied  between  the 
isolated  plate  and  the  earth  through  a  double-pole, 
double  throw,  reversing  switch.  Use  of  the  equipment 
applied  a  ±612.6  V/m  electric  field  to  each  Instrument 
and  the  resulting  square-wave  signal  was  transmitted 
to  South  Instrumentation  Park  where  It  was  recorded 
as  a  calibration.  The  system  response  to  magnitude 
at  )  olarlty  was  determined  before  and  after  the 
.  .MJRSE  explosion. 


These  calibrations  indicate  that  the  field  change 
measuring  instruments  were  quite  sensitive  to  the  di¬ 
rect  input  of  charge  to  the  sensing  electrode  with 
saturation  responses  on  the  order  of  ±6  V  for  input 
charges  of  as  little  as  0.6  nC  or  an  equivalent  charge 
density  of  27  nC/m‘  on  the  sensing  electrode.  In  the 
sensing  of  external  electric  fields,  the  recessed  and 
shielded  locations  of  the  electrodes  caused  great 
attenuation  so  that  very  strong,  external  electric 
field  changes  were  required  to  saturate  each  instrument. 
Accordingly  the  instruments  were  useful  for  sensing 
strong  external  electric  fields,  but  they  also  were 
vulnerable  and  easily  saturated  by  direct  charge  trans¬ 
fers  to  their  sensing  electrodes. 

III  -  RESULTS 

Recordings  were  obtained  From  all  six  instruments 
during  the  DIRECT  COURSE  explosion.  Plots  of  the 
actual  data  are  shown  In  Figures  3-1  and  3-2.  Exami¬ 
nation  of  the  data  indicates  that  strong,  positive 
electric  fields  (indicating  negative  charge  above) 
were  developed  over  each  instrument  but  only  after  the 
explosion  shock  wave  passed  by.  The  electric  fields 
so  produced  were  very  strong,  but  transient,  with 
rapid  relaxations  until  new  disturbances  occurred. 

An  Instrumental  problem  was  found  in  the  field  change 
meter  used  at  Station  3.  A  monopolar  Tranzorb  (in¬ 
stead  of  a  bipolar  one)  was  Incorrectly  used  to  protect 
the  driver  amplifier's  output  and  this  clipped  the 
instrumental  response  to  positive  electric  fields  at 
the  +0.3  volt  level.  Despite  this  limitation,  the 
positive  field  contributions  strongly  outweighed  the 
negative  ones  so  that  a  lower  bound  for  the  negative 
charge  transfers  could  still  be  determined  after  the 
deconvolution  process.  This  problem  developed  only  at 
positive  field  strengths  in  excess  of  5  kV/m,  which 
provides  an  explanation  as  to  why  the  positive  field 
limitation  was  not  detected  with  the  ±612.6  V/m  cali¬ 
bration  pulse. 

After  allowance  for  this  limitation, the  results  for 
the  outer  five  instruments  are  qualitatively  similar 
but  the  field  change  indications  at  Station  1,  the 
closest  site,  show  an  anomaly  starting  about  three 
seconds  after  the  explosion.  During  this  period,  there 
are  indications  of  strong  positive  charges  arriving  at 
the  sensor  electronics.  After  the  test,  4.85  kg  of 
dirt  were  found  deposited  in  the  cubical  box  at  Station 
1.  Both  the  sensor  and  its  supporting  Insulator  were 
found  coated  heavily  with  fine  talcum-like  powder.  It 
was  also  found  that  this  instrument  was  driven  down¬ 
ward  5  cm  in  the  well -tamped  earth  by  the  explosion 
pressure. 

IV  -  DISCUSSION 

The  deconvoluted  plot  for  the  electric-field-change 
that  was  recorded  ct  Station  5,  1,976  m  from  GZ,  Is 
shown  In  Figure  4-1  In  a  comparison  with  the  actual 
electric  field  lacording  obtained  with  the  field  mill 
located  about  1.5  m  distant  to  the  southwest.  The 
reconstructed  electric  field  data  Initially  agree,  at 
least  qualitatively,  with  the  actual  recording,  but 
there  are  some  differences.  The  field  change  Instru¬ 
ment  had  a  much  higher  frequency  response  (^00  kHz) 
than  did  the  field  mill  (■vl  Hz)  so  that  the  Indications 
of  sudden  field  changes  do  not  appear  in  the  filtered 
output  of  the  field  mill.  It  appears  that  after  pas¬ 
sage  of  the  shock  wave  at  South  Instrumentation  Park, 
the  local  electric  field  strength  became  so  great  that 
local,  positive,  point  discharge  emissions  occurred 
'rom  the  earth  and  these  rapidly  counteracted  many  of 
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the  effects  of  the  levitated,  negatively-charged  dust 
particles.  While  these  emissions  of  point  discharge 
were  not  measured  directly,  the  initial  strong  fields 
relaxed  far  more  rapidly  than  can  be  explained  either 
by  atmospheric  conductivity  or  by  fallout  of  the  dust. 
It  is  interesting  to  note  that  a  video  recording  of 
the  shock  wave  passage  shows  an  electrical  transient 
similar  to  that  produced  by  short  lightning  discharges 
within  60  ms  of  the  shock  wave  passage. 

The  drift  toward  negative  values  in  the  r-  constructed 
electric  field  plot  at  Station  5  after  1206:15  MOT 
suggests  either  the  arrival  of  positive  charges  at  the 
exposed  field  change  sensor  as  a  result  of  dust  fall¬ 
out  or  an  accumulation  of  positive  charge  in  the  atmos¬ 
phere  over  the  instrument.  Since  the  electric  field 
meter  shows  a  decrease  in  the  field  strength  (toward 
zero)  during  this  period,  it  appears  that  a  charged 
dust  fallout  of  about  0.7  nC/m^  can  account  for  the 
charging  of  the  field  change  sensor. 

In  recognition  of  the  differences  in  the  instrumental 
response  to  external  fields  and  to  charge  transfers 
at  the  sensing  electrode,  two  different  ordinate 
scales  are  plotted  in  Figures  4-1,  4-2  and  4-3.  The 
other  significant  finding  from  the  observations  at 
Station  5  is  that  the  initial  portions  of  the  recon¬ 
structed  field  change  recording  give  a  fairly  useful 
indication  of  the  actual  electric  field  excursion  and, 
therefore,  some  useful  results  may  be  extracted  from 
the  results  obtained  with  the  four  battery-operated 
field  change  instruments  located  closer  to  Ground  Zero 
where  electric  field  mills  could  not  be  operated. 

Deconvoluted  records  of  the  field  changes  from  these 
four  instruments  are  shown  in  Figures  4-2  and  4-3. 

All  of  these  show  the  lower  bounds  for  the  strong 
concentrations  of  negative  charges  levitated  after  the 
passage  of  the  shock  wave  and  produced  Strong,  posi¬ 
tive  (upwardly-directed)  electric  fields.  The  fields 
so  produced  were  much  stronger  than  can  exist  near  the 
earth's  surface.  We  infer,  therefore,  that  strong 
emissions  of  positive  point  discharge  ions  must  have 
occurred  from  the  earth  nearby,  just  as  appeared 
to  occur  at  South  Instrumentation  Park. 

These  deconvoluted  field  changes  do  not  return  to  zero 
after  the  initial  excursions.  This  suggests  that 
transfers  of  negative  charges  to  or  positive  charges 
from  the  sensing  electrodes  must  have  occurred  during 
the  sensing  period.  Emission  of  positive  point  dis¬ 
charges  from  the  field  sensing  electrodes  are  unlikely 
because  they  are  so  well  shielded  in  their  recesses. 

It  is  also  unlikely  that  neutral  particles  rebounding 
from  the  sensing  electrode  carried  away  positive 
charge,  for  dielectric  materials  usually  acquire 
negative  charges  in  contact  with  metals.  Accordingly, 
we  are  inclined  to  the  view  that  local  turbulence 
caused  the  impacts  of  negatively  charged  dust  parti¬ 
cles  and  transferred  net  negative  charges  to  each 
electrode. 

Since  the  recordings  at  all  four  of  the  inner  stations 
went  off  scale,  only  the  lower  bounds  can  be  estimated 
for  any  charge  transfers  here  also.  At  Station  3 
(233  m  distant  from  GZ),  we  estimate  that  negative 
charge  transfers  to  the  sensing  electrode  of  more  than 
31  nC/mz  took  place  while  the  figure  for  Station  4 
(695  m  distant  from  GZ)  is  27  nC/mz. 

A  somewhat  different  behavior  was  observed  at  Stations 
1  and  2,  the  closer  stations.  Initially,  at  these 
stations  the  field  indications  were  also  of  negative 
charge  being  levitated  after  the  shock  wave  passage. 


followed  by  negative  charge  arrival  at  the  sensing 
electrodes.  After  1206:03  MDT,  the  output  from  Station 
1  indicated  that  positive  charges  were  arriving  at  the 
sensing  electrode.  Over  the  next  minute  about  +270 
nC/m^  of  positive  charges  were  collected. 

These  indications  may  have  been  the  result  of  the  im¬ 
pact  on  the  electrode  of  dust  particles  charged  posi¬ 
tively  by  collection  of  positive  point  discharge  ions 
or  they  may  be  an  effect  of  particles  rebounding  from 
the  electrode,  carrying  more  negative  charge  away.  It 
is  clear  that  a  dust  maelstrom  occurred  within  the 
cubical  box  and  that  many  charge  transfers,  unrelated 
to  lightning  production,  did  occur.  At  Station  2 
(170  m  distant  from  GZ)  the  dominant  indications  for 
the  first  thirty  seconds  were  of  negative  charge  aloft 
and  then  of  negative  charges  arriving  at  the  sensing 
electrode.  Initially,  about  -5  nC/m‘  of  negative 
charge  was  collected.  After  1206:30,  the  reconstructed 
record  indicates  that  positive  charges  began  t-  arrive 
at  the  sensing  electrode  and  about  +2.2  nC/m2  of  posi¬ 
tive  charge  were  collected. 

V  -  SUMMARY 

The  significant  findings  from  the  electric  field  mea¬ 
surements  were: 

1.  Passage  of  the  displacement  disturbance  and  of  the 
outgoing  shock  wave  lifted  large  amounts  of  negative 
charge  into  the  air  from  the  earth.  The  elevated 
charge  densities  exceeded  200  nC/mz  at  all  stations 
and  500  nC/mz  at  the  close  stations. 

2.  Strong,  short-lived,  positive  electric  fields  were 
created  locally:  >56  kV/m  at  Station  1,  128  m,  and 

22  kV/m  at  Station  5,  1976  m  distant  from  GZ. 

3.  There  is  little  correlation  between  the  electric 
field  disturbances  observed  at  adjacent  sites  (which 
indicates  that  the  charges  affecting  each  sensor  were 
close  to  it).  There  are  indications  that  negative 
charges  impinged  on  the  sensing  electrodes  of  the 
field  change  meters. 

4.  Small  dipole  moments  were  generated  (i.e.,  the 
charges  were  not  separated  by  an  appreciable  height). 
The  maximum  field  change  of  1060  V/m  observed  before 
shock  wave  passage  at  Station  5  (1976  m  from  GZ)  could 
have  been  produced  by  a  dipole  moment  of  less  than 
0.5  C-km  over  GZ. 

5.  There  is  one  indication  of  a  brief  electrical  dis¬ 
charge  resembling  lightning  when  the  shock  wave  passed 
South  Recording  Park. 

6.  Three  seconds  after  detonation,  the  indications  at 
the  closest  site  were  of  the  arrival  of  positive  charge 
amounting  to  more  than  260  nC/mz.  This  may  be  the 
result  of  the  collisions  of  dust  particles  with  the 
sensing  electrode.  The  observed  effects  could  have 
been  caused  eit.ier  by  the  rebound  of  neutral  particles 
from  the  electrode  or  by  the  arrival  of  dust,  charged 
positively  by  collection  of  point  discharge  ions. 

7.  All  of  the  electrical  disturbances  were  short-lived, 
lasting  less  than  20  seconds.  Large  excursions  in 
field  strength  were  followed  by  rapid  relaxations, 
presumably  aided  by  strong  point  discharges  from  the 
local  vegetation. 

8.  There  were  no  inaications  of  significant  electric 
charges  remaining  aloft  and  there  were  no  increases  in 
the  surface  field  strength  as  the  dust  particles  fell 
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out.  The  relaxation  time  constant  of  the  final  elec¬ 
tric  field  recovery  at  Station  5  was  >6  seconds. 
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Figure  2-1.  A  map  showing  the  locations  of  the  electric-field  change 
measuring  Instruments  used  during  the  DIRECT  COURSE  ex¬ 
plosion  on  26  October  ig83. 
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Figure  2-2.  Electric  field-change  measuring  sensor  used  In 
the  DIRECT  COURSE  experiment 
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Figure  3-2.  Electric  field  and  iu  change  at  South  Instrumentation  Park 
White  Sands  Missile  Range  on  26  October,  1983  during  the 
DIRECT  COURSE  test. 
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Figure  4-1.  Comparison  of  the  deconvolved  electric-field-change 
recording  with  the  actual  field  recorded  at  South 
Instrumentation  Park 
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Figure  4-3.  Deconvoluted  responses  of  the  field-change  measuring 
instruments  at  Stations  1  and  2. 
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CORONA  THRESHOLD  DETERMINATION  BY  THREE-STAGE  PHYSICAL  MODELLING  OF  AIRCRAFT 
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ABSTRACT 

The  Problem  -  At  what  aircraft  potential  will  the  VHF  blade  antenna  protruding  from  the  belly  of  an 
aircraft  reach  corona  threshold?  Problems  of  this  type  frequently  arise  In  connection  with  the  design  of 
passive  discharger  Installations  for  new  aircraft.  Similar  questions  also  come  up  when  an  engineer  Is 
faced  with  the  need  to  track  down  an  elusive  noise  source  on  an  existing  aircraft.  Ground  tests  or 
flight  tests  on  an  actual  aircraft  to  obtain  the  answer  can  be  very  time-consuming  and  expensive. 


The  Solution  -  An  accurate  determination  of  the  corona  threshold  of  a  protuberance  can  be  made  in  the 
laboratory  at  very  low  cost.  The  measurement  techniques  described  in  the  paper  use  a  scale  model  of  the 
aircraft  (1/25  to  1/100  scale  is  satisfactory)  together  with  a  sample  of  the  protuberance  In  question 
(often  a  blade  antenna).  Through  a  succession  of  at  most  3  measurements  —  one  on  the  aircraft  model, 
and  two  on  the  sample  —  it  is  possible  to  determine  the  corona  threshold  of  the  protuberance  as 
Installed  on  the  aircraft. 


By  expanding  the  aircraft  model  measurements,  it  is  possible  to  explore  alternate  sites  on  the 
aircraft  to  minimize  the  likelihood  of  corona  discharge.  Also,  Investigation  can  be  made  of  possible 
modifications  to  the  protuberance  (such  as  rounding  of  edges)  to  increase  corona  threshold  potential. 

The  appropriate  laboratory  techniques  are  described  and  examples  of  results  are  presented. 


I  -  BACKGROUND 

Frequently,  engineers  involved  with  the 
development  and  troubleshooting  of  communication 
systems  on  aircraft  are  faced  with  the  need  for 
determining  the  corona  threshold  potential  of  a 
protuberance  from  the  mold  lines  of  an  aircraft. 
(For  example,  a  blade  antenna,  a  vent,  a  pitot  tube 
etc.).  The  need  for  this  Information  follows  from 
the  fact  that  noise-free  reception  of  radio  signals 
on  the  aircraft  Is  dependent  upon  the  proper 
functioning  of  the  passive  discharger  system 
Installed  on  the  aircraft,  and  the  avoidance  of 

corona  discharges  from  any  element  of  the  airframe 
1  2 

Itself.  '  Thus  the  engineer  must  contrive  to 
ensure  that,  at  the  highest  expected  charging  rates 
of  the  aircraft  (as  the  result  of  flight  through 
precipitation  containing  Ice  crystals),  the 
aircraft  potential  does  not  exceed  the  value  at 
which  some  protuberance  might  experience  air 
breakdown. 

In  general,  the  engineer  must  be  able  to 
determine  the  potential  at  which  breakdown  of  a 
proposed  design  will  occur.  If  this  Is 


unacceptably  low,  he  muot  devise  ways  to  increase 
the  threshold  potential  (by  rounding  edges  or  by 
relocating  the  protuberance  to  a  less  prominant 
position  on  the  aircraft).  He  must  also  be  able  to 
test  the  effectiveness  of  any  fixes  he  devises. 

II  -  STRAIGHTFORWARD  APPROACHES  USING  FULL-SCALE 

AIRCRAFT 

The  problem  of  threshold  determination  can  be 
approached  head  on  using  several  techniques  as 
shown  in  Figure  1.  In  (a)  the  aircraft  Is 
Instrumented  to  permit  detection  of  corona 
discharge  from  the  protuberance  and  to  define 
aircraft  potential.  The  aircraft  la  operated  In 
precipitation  conditions  leading  to  static  charging 
of  the  aircraft.  If  the  charging  encountered  In 
flight  Is  sufficiently  severe  to  Induce  corona  from 
the  protuberance,  the  determination  of  its 
threshold  Is  nade.  If  not,  all  that  can  be 
established  is  that  the  threshold  exeeds  the 
maximum  potential  attained  during  the  flight  tests. 

Experienced  engineers  recognise  Immediately 
that  flight  test  programs  In  general  tend  to  be 
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expensive  and  unwieldy.  For  example,  Investigating 
the  effect  of  modifying  the  protuberance,  or 
relocating  it,  requires  additional  flying.  In 
general,  flight  testing  is  best  confined  to  either 
proof  testing  or  to  the  gathering  of  information 
regarding  the  basic  properties  of  the  charging 
environment.  The  use  of  flight  tests,  of  course, 
does  have  the  virtue  of  duplicating  all  facets  of 
the  problem. 

An  alternate  approach  that  might  be  considered 
is  illustrated  in  Figure  1  (b).  Here  the  full- 
scale  aircraft  (including  protuberance)  is  mounted 
on  insulating  blocks  and  charged  to  a  high  dc 
potential  (100's  of  kilovolts)  using  a  high-voltage 
power  supply.  Measurements  of  discharge  current 
from  the  protuberance  of  interest  are  used  to 
determine  the  aircraft  potential  at  which  discharge 
onset  occurs. 

Although  the  method  of  Figure  1(b)  appears  at 
first  glance  to  duplicate  the  important  features  of 
an  aircraft  in  flight,  it,  in  fact,  suffers  from 
serious  drawbacks.  The  proximity  of  the  ground 
tends  to  distort  the  field  sf-nrure  about  the 
aircraft,  and  the  eftects  of  wind  flow  on  corona 
threshold  are  not  duplicated.  In  addition, 
Implementing  the  tests  is  expensive  because 
insulating  structures  capable  of  supporting  the 
aircraft  must  be  built,  and  the  fuel  system  must  be 
specially  treated  ("pickled")  to  avoid  the 
possiblility  of  vapor  Ignition  by  electrical 
discharges  from  the  aircraft.  Although  exploring 
design  changes  is  easier  than  in  an  actual  flight 
test  it  is  still  quite  ponderous  and  time 
consuming. 

Ill  -  LABORATORY  MODELLING  APPROACH 

The  problem  of  corona  threshold  determination 
can  be  attacked  in  the  laboratory  by  recognizing  at 
the  outset  that  a  one-step  laborstory  modelling 
program  cannot  be  made  to  succeed,  and  that 
attention  must  be  focussed  on  the  facets  of  the 
overall  problem  that  the  various  possible  modelling 
schemes  can  accurately  duplicate. 

The  general  concepts  of  procedures  for 
threshold  determination  are  shown  in  Figure  2.  The 
concept  of  measurements  employing  a  full-scale 
aircraft  (discussed  in  connection  with  Figure  1)  is 
shown  in  (a).  Here  we  note  that,  whether  the 


aircraft  is  in  flight  or  mounted  on  insulating 
blocks,  the  aircraft  potential  is  measured  together 
with  the  discharge  current  from  the  protuberance  to 
determine,  in  a  single  step,  the  potential  at  which 
discharge  is  initiated.  The  laboratory  modelling 
concept  of  Figure  2  (b),  on  the  other  hand, 
involves  a  series  of  measurements  each  of  which 
provides  insight  into  a  specific  facet  of  the 
problem.  By  combining  the  results  of  the 
measurements  of  (b)  it  is  possible  to  relate 
airplane  potential  to  the  occurrence  of  corona 
discharge.  The  measurement  techniques  involved  in 
carrying  out  the  individual  steps  of  Figure  2(b) 
will  be  discussed  together  with  an  indication  of 
the  way  in  which  the  diverse  measurements  are 
combined  to  yield  the  desired  relationship  between 
aircraft  potential  and  corona  discharge  onset. 
Consideration  will  also  be  given  to  ways  in  which 
the  measurements  can  be  expanded  to  permit  the 
investigation  of  the  effects  of  location  on  the 
aircraft  and  design  details  of  the  protuberance. 

In  general,  the  laboratory-measurement 
approach  involves  breaking  down  the  problem  of 
threshold  determination  into  several  steps.  In 
considering  step  (1)  we  note  that  the  relationship 
between  aircraft  potential  and  the  ambient  electric 
field  in  the  general  vicinity  of  the  protuberance 
is  determined  entirely  by  the  geometry  of  the 
aircraft  involved.  Further,  it  is  true  that  this 
same  relationship  exists  on  a  scale  model  of  the 
aircraft  in  question.  Thus,  if  we  contrive  to 
measure  the  relationship  between  ambient  field  and 
aircraft  potential  on  a  scale  model  of  the 
aircraft,  we  have  also  determined  this  relationship 
for  the  full-scale  aircraft. 

The  technique  for  carrying  out  the 
determination  of  step  (1)  is  shown  schematically  in 
Figure  3.  A  scale  model  of  the  aircraft  of 
interest  is  suspended  in  the  laboratory  as  shown  in 
the  photograph  of  Figure  4  —  well  away  from  any 
structures,  to  simulate  an  aircraft  in  flight.  A 
high-voltage  power  supply  of  voltage  V  is  connected 
to  the  model  via  a  wire  to  a  remote  element  (such 
as  a  wing  tip).  Thus  the  model  is  electrically 
charged  and  an  alectric  field  structure  is 
established  on  its  surface  and  in  its  general 
vicinity.  The  magnitude  of  the  electric  field  , 

Eb,  at  points  of  Interest  on  the  skin  of  the 
aircraft  model  can  be  determined  by  means  of  charge 
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transfer  measurements  described  by  Maxwell.^  With 

this  technique,  a  small  conductive  probe  (located 

at  the  end  of  a  thin  insulating  rod)  is  touched  to 

the  model,  and  acquires  a  charge  q  proportional  to 

the  magnitude  of  the  electric  field,  Ea,  at  the 

point  of  contact  and  to  the  induction  area  A  of 

P 

the  probe. 

q  -  Ap  (1)  . 

The  magnitude  of  the  charge  is  measured  by  means  of 
an  electrometer  equipped  with  a  Faraday  "ice  pail” 
to  receive  the  charge.  The  relationship  between 
ambient  field  and  transferred  charge  (the  probe 
induction  area,  Ap,)  can  be  determined  by  repeating 
the  measurement  in  a  known  field  (l.e.  the  field 
between  the  pair  of  parallel  plates  shown  in  Figure 
3).  Details  of  the  charge-transfer  measurements 
and  certain  critical  considerations  are  discussed 
in  Appendix  A. 

From  geometric  scaling  arguments,  the  fields 

on  the  full-scale  aircraft  are  smaller  than  they 

are  at  corresponding  points  on  the  model  by  a 

factor  equal  to  the  model  scale  n.  Thus  the 

aircraft  field  E„  is  related  to  the  model  field  E 
a  m 

at  the  corresponding  point  by  the  relationship 
Ea  -  EB/n  (2) 

where  n  is  the  scale  factor  of  the  model. 

Thus,  at  the  end  of  the  model  measurements  of 
step  (1),  we  have  determined  the  coupling  parameter 
kp  relating  the  ambient  field  E^,  where  the 
protuberance  will  be  located,  and  aircraft 
potential  V: 

V  -  kt  Ea  (3)  . 

It  should  be  noted  that  while  the  aircraft 
model  is  suspended  in  the  laboratory,  it  is 
possible  to  explore  alternate  possible  locations  on 
the  aircraft  aurface  to  determine  if  there  are 
alternative  locations  for  the  protuberance  where 
ambient  field  E(  la  significantly  lower. 

A  schematic  of  the  setup  for  carrying  out  the 
determination  of  step  (2)  Is  shown  lu  Figure  5.  A 
full-scale  sample  of  the  protuberance  (antenna) 
under  investigation  la  mounted  on  a  large  metal 
plate  alsntlatlng  the  aircraft  skin.  A  second  metal 
plate  la  placed  parallel  to  the  first  at  a  spacing 


d  (several  antenna  heights  away),  and  a  high 
voltage  is  applied  between  the  two  plates.  This 
establishes  a  uniform  field  EQ  between  the  two 
plates,  except  in  the  vicinity  of  the  antenna  where 
the  field  is  distorted  and  concentrated  by  the 
presence  of  the  antenna  as  suggested  in  the 
figure.  A  photograph  of  the  "electrostatic  cage" 
used  for  this  purpose  is  shown  in  the  background  of 
Figure  4.  The  cage  shown  has  guard  rings  installed 
between  the  metal  plates  to  assure  a  uniform 
electrostatic  field  inside  the  "cage". 

Essentially,  the  argument  for  the  measurement 
illustrated  in  Figure  5  is  that  it  duplicates  very 
closely  the  electrostatic  situation  on  the  belly  of 
a  charged  aircraft.  The  radius  of  curvature  is 
large  compared  to  the  dimension  of  the  antenna 
blade  so  that  the  field  structure  over  the  volume 
of  interest  in  the  vicinity  of  the  aircraft  skin  is 
closely  approximated  by  the  uniform  field  between  a 
pair  of  parallel  conducting  sheets.  Thus,  the 
field  distortions  produced  by  the  antenna  in  the 
test  setup  in  the  laboratory  are  virtually 
identical  to  those  produced  when  the  antenna  is 
immersed  in  the  ambient  field  of  the  charged 
aircraft. 

In  principle,  one  could  Increase  the  voltage 
of  the  power  supply  in  Figure  5  until  corona 
discharge  occurred  from  the  antenna. 

Unfortunately,  in  practice,  it  is  usually  found 
that  unacceptably  high  voltages  are  required  to 
produce  corona  and  that  the  requirements  for 
insulation  and  rounding  of  the  edges  of  the  plates 
to  avoid  electrical  breakdown  from  them  are 
extremely  difficult  to  achieve.  Thus,  it  ia 
usually  best,  instead,  to  use  the  set  up  of  Figure 
5  simply  to  determine  the  field  enhancement 
produced  by  the  antenna  blade.  This  can  be  done  by 
choosing  a  reference  point  on  a  flat  region  of  the 
antenna  blade  near  the  sharpest  metal  corner  from 
which  corona  will  first  occur  (a  point  roughly  3-cm 
in  and  3-cm  dowi.  from  the  corner  is  appropriate  and 
convenient),  and  determining  the  relationship 
between  the  ambient  field  E(  and  the  reference 
point  field  Ec 

Ea  “  k2  Er  (4)  * 

The  determination  is  made  simply  by  energising  the 
system  of  Figure  5  and  making  charge  transfer 
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measurements  touching  the  probe  to  the  left  plate 
to  determine  Ea  and  to  the  reference  point  to 
determine  Ef. 

Finally,  the  determination  of  step  (3)  can  be 
made  using  the  set  up  of  Figure  6,  Here  a  full- 
scale  operational  sample  of  the  antenna  blade  under 
consideration  is  placed  within  an  electrode 
structure  which  is  sufficiently  compact  that  corona 
discharge  can  be  induced  from  the  antenna  with 
reasonable  values  of  applied  voltage.  The  test 
begins  with  some  modest  level  of  voltage  applied. 

A  charge-transfer  measurement  is  made  to  determine 
the  relationship  between  the  voltage  applied  to  the 
"bathtub"  geometry  and  the  reference  point  field  Ef 
on  the  antenna.  Since  the  system  is  linear,  the 
same  relationship  between  field  and  voltage  will 
exist  independent  of  applied  voltage.  Once  this 
relationship  has  been  determined,  the  voltage 
applied  to  the  antenna  blade  is  increased  until 
corona  discharge  onset  is  detected  on  the  power 
supply  current  meter.  The  value  of  voltage  is 
noted  and  used  to  calculate  Ert,  the  reference 
point  field  at  corona  threshold.  This  value  of 
field  can  be  substituted  into  equation  (4)  to 
determine  the  value  of  ambient  field 


possible  to  experiment  with  ways  in  which  the 
antenna  corona  threshold  Eat  can  be  raised  —  e.g., 
by  rounding  edges.  Such  experiments  can  be 
completed  quickly  and  at  relatively  little  cost. 

Once  the  ambient  threshold  field  E  _  for  an 

at 

antenna  has  been  determined,  this  result  can  be 
substituted  into  E^  (3)  to  determine  the  threshold 
potential 


for  the  antenna  under  consideration  installed  at 
the  location  in  question.  The  results  of  a  set  of 
such  determinations  for  various  stations  on  the 
fuselage  center  line  on  wide-body  aircraft  are 
shown  in  Figure  7.  From  charge  transfer 
measurements  (of  the  sort  illustrated  in  Figure  3) 
the  value  of  the  parameter  k^  was  determined,  and 
is  plotted  at  the  lower  curve  in  Figure  7.  Next, 
using  the  values  of  Eac  for  the  two  antennas  in 
Table  I,  the  corona  threshold  potentials  for  these 
antennas  Installed  at  the  various  fuselage  stations 
was  determined  using  E  .  (6).  The  resulting 
thresholds  are  plotted  as  the  upper  two  curves  in 
Figure  7 . 


E 


at 


k2  Ert 


(5) 


required  for  corona  threshold  of  the  antenna  under 
investigation. 

It  should  be  noted  that  Eat  is  characteristic 
of  the  antenna,  and  can  be  measured  and  tabulated 
Independently  of  the  aircraft  on  which  the  antenna 
is  to  be  used.  For  example,  two  antennas  —  one  a 
9-inch  stub  typical  of  UHF  antennas,  and  the  second 
a  17-lnch  blade  typical  of  VHF  antennas  —  were 
studied  in  the  laboratory,  and  had  corona 
threaholds  as  shown  in  Table  X. 


Table  1 

Ambient  Fields  For  Antenna  Corona  Threshold 


Eat— Ambient  Field  For  Threshold 

Antenna 

kV/M 

9-inch  stub 

181 

12-inch  blade 

112 

It  should  also  be  noted  that,  once  the  set  up 
of  Figure  6  la  In  place  In  the  laboratory,  it  is 


It  should  be  noted  that  the  value  of  the 
parameter  kj^  is  a  function  of  aircraft  geometry 
alone.  It  can  be  determined  using  model 
measurements  without  regard  for  the  threshold 
properties  of  the  antennas  being  considered  for 
installation.  Thus,  once  the  setup  of  Figure  3  has 
been  assembled,  it  is  prudent  to  explore  the 
aircraft  surface  and  determine  k^  at  all  locations 
where  protuberances,  such  as  antennas,  might 
ultimately  be  located. 


VI  -  SUMMARY 

Laboratory  techniques  can  be  applied  to  the 
determination  of  corona  thresholds  of  odd 
protuberances  from  the  body  of  an  aircraft.  These 
measurements  lequlre  only  a  full-scale  sample  of 
the  protuberance  and  a  scale  model  of  the  aircraft 
(often  a  plastic  toy  model  coated  with 
electrically-conducting  paint  will  do).  The 
laboratory  technique  does  not  Incur  the  costs  of  a 
flight  test  program,  and  does  not  suffer  from  the 
Inaccuracies  normally  Introduced  in  teat-stand 
measurements  on  a  full-scale  aircraft.  The  effects 
of  air  flow  in  modifying  threshold  are  not 


A 


JCOLSE  -  Paris  1985 


simulated  using  the  laboratory  techniques  (they  are 
not  simulated  in  the  test  stand  measurements 
either) . 

In  general,  the  laboratory  techniques 
discussed  here  are  remarkably  flexible  and 
powerful.  They  permit  the  exploration  of  virtually 
all  of  the  issues  important  in  the  siting  of 
antennas  and  other  protuberances  on  an  aircraft. 
They  permit  the  engineer  to  explore  the  effects  of 


modifications  in  antenna  design  and  placement  at 
very  little  cost.  Furthermore,  the  form  of  the 
measurements  is  such  that  the  question  of  antenna 
design  can  be  investigated  Independently  of  the 
issue  of  placement  (the  converse  is  also  true). 
Thus,  using  very  inexpensive  instrumentation,  the 
engineer  is  able  to  resolve  a  number  of  difficult 
questions  arising  in  aircraft  design  and 
troubleshooting . 


/ 
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STATIC 
FIELD  METER 
TO  MEASURE 
AIRCRAFT 
POTENTIAL 


PROTUBERANCE 
INSTRUMENTED 
TO  MEASURE 
DISCHARGE 
CURRENT 


(a)  USE  OF  INSTRUMENTED  FLIGHT  TEST 
AIRCRAFT 


INSULATING 

BLOCKS 


, PROTUBERANCE 
^INSTRUMENTED 

measure 
discharge 

CURRENT 


lb) 


USE  OF  FULL-SCALE  AIRCRAFT  ON 
INSULATING  STRUCTURE 


FIGURE  1  DIRECT  METHODS  FOR  CORONA  THRESHOLD  ESTIMATION 


(a)  MEASUREMENTS  ON  FULL-SCALE  AIRCRAFT 


STEP  I: 
AIRPLANE 
SCALE  MODEL 


STEP  2: 

full-scale 

PROTUBERANCE 


STEP  3: 

FULL-SCALE 

PROTUBERANCE 


lb)  MEASUREMENTS  USING  REDUCED-SCALE  MOOEL  OF  AIRCRAFT 


FIGURE  2  CONCEPTUAL  COMPARISON  OF  TECHNIQUES  FCR  THRESHOLD  DETERMINATION 
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CALIBRATING  FIELD 
BETWEEN  PAIR  OF 
PARALLEL  PLATES 


"FARADAY 


ELECTROMETER 


FIGURE  3  LABORATORY  DETERMINATION  OF  RELATIONSHIP  BETWEEN  AIRCRAFT  POTENTIAL 
AND  AMBIENT  ELECTRIC  FIELD  (step  II 
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FIGURE  4  LABORATORY  SETUP  USED  FOR  CORONA  THRESHOLD  DETERMINATION  (t*N»  '  ««<  2) 
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FIGURE  5  SETUP  TO  DUPLICATE  FIELD  ENHANCEMENT  CAUSED  BY 
ANTENNA  (step  2) 
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UNDER 

TEST 


VOLTMETER 
*  _ ELEC¬ 

TROMETER 


(•)  PHOTOGRAPH  OF  SETUP 

FIGURE  8  SETUP  TO  INDUCE  CORONA  FROM  ANTENNA  Imp  3) 
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FIGURE  J  THRESHOLD  POTENTIALS  OF  BLADE  ANTENNAS  ON  AIRCRAFT  FUSELAGE 
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APPENDIX  A 

STATIC  ELECTRIC  FIELD  DETERMINATION  USING  CHARGE 
TRANSFER  MEASUREMENTS 

If  a  small,  uncharged  metal  probe  is  placed  in 
the  field  EQ  near  the  surface  of  a  conducting  sheet 
the  field  will  assume  the  form  shown  in  Figure  A- 
1(a)  where  it  is  evident  that  a  potential 
difference  exists  between  the  probe  and  the 
conductor.  When  the  probe  is  placed  in  contact 
with  the  conductor  as  in  Figure  A-l(b),  therefore, 
charge  will  flow  onto  the  probe.  If  the  probe  is 
now  removed  from  the  conductor  as  in  Figure  A-l(c), 
the  probe  is  left  with  an  excess  of  charge,  q.  The 
magnitude  of  this  charge  is  determined  by  the 
geometry  of  the  probe  and  the  field  Intensity  in 
the  region.  By  measuring  the  charge  qQ  acquired  by 
the  same  probe  in  a  region  of  known  field  intensity 
Eq,  one  can  determine  the  ratio  of  the  charge  to 
the  field  intensity  at  the  plane  surface.  The 
probe  can  then  be  used  to  measure  the  magnitude  of 
an  unknown  field  E  at  other  plane  conducting 
surfaces,  since 


where  q  is  the  charge  acquired  by  the  probe  when 
placed  in  contact  with  the  plane  surface  where  the 
field  E  is  to  be  determined. 

The  charge  acquired  by  the  probe  is  measured 
with  an  electrometer  such  a3  that  illustrated  in 
Figure  A-2.  The  charged  probe  is  brought  in 
contact  with  the  bottom  of  the  Faraday  "ice  pall" 
charge  receptacle,  whereupon  the  charge  leaves  the 
probe  and  flows  to  the  outside  surface  of  the 
receptacle.  Part  of  the  charge  flows  through  the 
resistor  and  onto  the  motor-driven  variable 
capacitor,  which  develops  an  alternating  voltage 
proportional  to  the  charge  deposited  on  It.  This 
alternating  voltage  Is  amplified  and  measured  with 
a  high- Impedance  voltmeter.  The  voltage  developed 
across  the  capacitor  Is  proportional  to  the  charge 


FIGURE  A* I  ILLUSTRATION  OF  CHARGE 

SEPARATION 


deposited  on  it,  which  is  proportional  to  the 
potential  of  the  charge  receptacle,  which  In  turn 
is  proportional  to  the  charge  deposited  on  it  by 
the  probe;  thus  the  deflection  of  the  voltmeter 
indicates  the  amount  of  charge  placed  in  the 
receptacle. 

The  charge-pick-up  probe  used  for  these 
measurements  consists  of  a  1.6-mm  long  piece  of  20 
gauge  wire  forced  into  the  end  of  a  1.6-mm  diameter 
Teflon  rod.  A  small  diameter  rod  is  necessary  near 

the  model  to  minimize  the  field  distortion  caused 
by  the  presence  of  the  dielectric.  To  obtain 

mechanical  strength  and  rigidity,  the  diameter  of 
the  Teflon  rod  used  to  hold  the  conducting  probe 
tip  was  increased  with  increasing  distance  from  the 
model. 

The  dimensions  of  the  conducting  probe  tip  are 
dictated  by  the  dimensions  of  the  object  on  which 
field  measurements  are  being  made.  In  order  that 
the  probe  calibration  made  in  a  plane  geometry  be 
valid,  field  measurements  should  be  made  only  on 
surfaces  such  that  the  radius  of  curvature  is 
substantially  larger  than  the  greatest  dimension  of 
the  probe.  If,  for  example,  as  in  Figure  A-3  the 
field  at  the  surface  of  a  cylinder  were  to  be 
measured  using  two  probes  calibrated  in  a  uniform 
field,  the  value  obtained  using  the  small  probe 
would  be  very  nearly  correct,  but  the  value 
obtained  using  the  large  probe  would  be  low. 

Shown  in  Figure  A-4  are  the  electrometer  used 
for  charge  measurements,  and  the  field  free  ionized 
region  used  to  discharge  the  probe  before  taking  a 
reading  on  the  model.  Several  500  microcurle 
polonium  sources  (of  the  type  commonly  sold  with 
phonograph  record  dusting  brushes),  were  placed  on 
the  inside  of  a  15-cm  diameter  metal  tube  which  was 
connected  to  ground.  Thus  a  field-free  ionized 
region  existed  inside  the  tubn.  When  the  probe  is 
placed  inside  the  tube,  the  fields  produced  by 
charges  residing  on  the  probe  will  extract  ions  of 
the  appropriate  algn  from  the  ionized  region, 
thereby  neutralizing  the  charge  on  the  probe. 

CHARGE  RECEFTACLE 


FIGURE  A-2  SLOCK  DIAGRAM  OF  ELECTROMETER 
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UNIFORM  FIELO 
PROBE  CALIBRATION 
CAN  BE  USED  WITH 
LITTLE  ERROR 


FIELO  IS  RELATIVELY 
UNIFORM  OVER  DISTANCE 
OCCUPIEO  BY  PROBE 


CHARGED  CYLINOER 


FIGURE  A-3  PROBE  IN 
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USE  OF  UNIFORM 
FIELO  PROBE 
CALIBRATION 
WILL  INTROOUCE 
CONSIDERABLE 
ERROR 


FIELD  VARIES 
OVER  OISTANCE 
OCCUPIEO  BY 
PROBE 


NON-UNIFORM  FIELO 


FIGURE  A-4  PROBE  BEING  DISCHARGED 

OVER  RADIOACTIVE  POLONIUM 
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LIVE  TESTS  jN  STATIC  ELECTRICITY  IN  FUELLING  OF  AIRCRAFT 
H  Schneider 

Flight  Test  Center  of  the  German  Armed  Forces ,  8072  Manching,  F.R.G. 


Abstract  -  A  test  program  on  the  build-up  of  static  charges  on  jets  being  fuelled  was 
carried  out  in  1984  at  German  Flight  Test  Center. 

During  handling  operations  refined  distilled  fuels  can  become  electrostatically  charged 
due  to  the  dissociation  of  ionizable  materials. 

These  charges  will  enter  the  aircraft  being  fuelled  and  generate  an  electrostatical 
voltage  between  a/c  and  refueller  and  ground,  respectively. 

Resulting  discharges  could  trigger  an  explosion  of  fuel  vapor. 

To  prevent  such  discharge  hazards  bonding  and  grounding  procedures  have  been  established. 
Because  of  the  complexity  of  servicing  operations  and  due  to  different  national  groun¬ 
ding  and  bonding  regulations  there  is  considerable  confusion. 

Main  purpose  of  this  program  was  to  solve  questions  arising  from  the  required  Electrical 
Safety  Connections  commonly  used  to  prevent  static  hazards. 


INTRODUCTION 


Durinq  fuel  transfer,  mixing  or  filtering  op¬ 
erations  charges  are  generated  within  the 
fuel  by  ionization  that  can  cause  a  high 
strength  electric  field  between  fuel-surface 
and  its  environment  inside  the  tank.  When  ex¬ 
ceeding  a  particular  threshold  sparks  will 
occur  that  can  trigger  explosions  in  the  va¬ 
por  space.  These  processes  have  been  investi¬ 
gated  by  Oil  Companies  and  other  institutions 
(Ref.  1 .  2,  3  et  alt). 

In  order  to  increase  the  conductivity  of 
distilled  fuels  additives  are  used  resulting 
in  a  faster  dissipation  of  electrostatic 
charge,  and  consequently  the  risk  of  electro¬ 
statics!  ignition  has  been  decisively  re¬ 
duced  . 

Another  correlated  problem  is  the  charging  of 
airframes  during  fuelling  due  to  the  ionized 
fuel . 

Fatal  explosions  can  be  triggered  by  sparks 
when  coupling  or  removing  fvel  hoses. 

To  prevent  these  hazards  bonding  and  groun¬ 
ding  procedures  have  been  established. 

This  report  exclusively  covers  our  tests 
that  were  aimed  to  obtain  information  on  the 
degree  of  charging  during  actual  fuelling  of 
a/c . 

It  is  not  intended  to  discuss  items  such  as 
ignition  energies,  flammability,  influences 
of  temperature,  accident  statistics  and  other 
problems  that  relate  to  the  process  of  air¬ 
craft  fuelling. 


CHARGE  GENERATION  during  Aircraft  Fuelling 


Refined  distilled  fuels  are  excellent  insula¬ 
tors.  At  the  interface  between  fuel  and  its 
environment  (e.g.  lines,  filters,  hoses) 
charges  are  generated  within  the  fuel  that 


are  due  to  ionic  trace  contaminants. 

The  fuel  flow  collects  the  ions  of  one  pola¬ 
rity  while  the  ions  having  the  opposite  pola¬ 
rity  are  fed  to  the  chassis. 

The  mechanism  of  charge  generation  is  not  yet 
completely  investigated. 

The  ions  in  the  fuel  flow  represent  a  current 
which  is  characterized  by  the  charge  density 
of  the  fuel  and  the  volumetric  flow  rate: 

I  =  Q  x  V 

I  Current  Fiow 

Q  Charge  Density 

V  Fiow  Rate 

The  charge  density  Q  is  a  function  of  the 
fiow  rate  V,  the  area  A  and  the  particular 
charging  conditions  of  the  fuei/surface  in¬ 
terface  X 


Q  *  f  (V,  A,  X) 


RELAXATION 


Because  of  its  conductivity  fuel  will  simul¬ 
taneously  be  discharged  by  relaxation. 

The  rate  of  charge  drop  is  defined  by  an  ex¬ 
ponential  function 

Q(t)  .  Q0e’Vt 

Q ( t )  Charge  after  time  t  (  jiC/m3) 

Q0  Initial  Charge  (  jiC/m3) 


X  Relaxation  Time  Constant  (sec) 
£  *  £o  *  £r 
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£0  =  8,85  x  IQ’12 

Absolute  Dielectric  Constant 

£  Relative  Dielectric  Constant  (for 

Hydro-carbons  about  2) 

c£  Fuel  Conductivity  (  jjp  ) 

The  relaxation  time  for  undoped  fuels  ranges 
from  approx.  1  to  10  seconds. 

After  this  time  the  charge  within  the  fuel 
itself  has  been  reduced  by  63  X  and  after  3 T 
it  will  be  reduced  by  95  X. 

A  balanced  condition  is  established  within 
the  hose  after  some  meters  that  results  from 
the  Initial  charge  and  the  typical  charging 
of  the  hose  cn  the  one  side  and  from  the  re¬ 
laxation  on  the  other  side. 

The  corresponding  current  is  approximately 
given  by 

ioo  =  8  x  (VxR)2 

Icq  current  for  a  long  pipe 
V  average  flow  velocity 
R  inner  radius  of  pipe 

B  =  1  .5  x  10*13  M|£. 

cm4 

This  equation  has  been  empirically  found, 
and  it  applies  to  undoped  fuel  (Ref.  3). 

For  doped  fuels  a  rough  estimation  can  be 
made,  only. 

This  balanced  current  ioo  character i stic  for 
a  certain  type  of  hose  finally  will  reach 
the  aircraft  being  fuelled. 

It  will  return  to  the  refueller  chassis 
through  the  conductive  hose  and  In  parallel 
through  the  grounding  and  bonding  cables. 


OOPiNG 


To  obtain  a  faster  dissipation  of  electrosta¬ 
tic  charges  Oil  Companies  dope  the  aviation 
fuels  with  conductivity  Improvers  (e.g.  Shell 
ASA  lii,  Ou  Pont  Stadis  450). 

He  know  from  experience  that  levels  of  lOOpS/m 
are  sufficient  to  achieve  satisfactory  dis¬ 
charging.  In  this  case  the  relaxation  time  is 
approx.  0.2  secs.  The  conductivity  of  doped 
fuel  depends  on  the  temperature  and  will  de¬ 
crease  as  the  fuel  temperature  drops.  Long 
storage  times  will  also  reduce  the  conducti¬ 
vity. 

To  allow  a  safety  margin  Shell  therefore  re¬ 
commends  to  provide  flammable  products  with 
conductivities  In  the  order  of  200-360  pS/m. 

Standardized  doping  rates  for  German  Air  For¬ 
ce  are  150  -  700  pS/m. 

For  practical  measurements  see  Fig.  1 


An  ambivalent  result  of  doping  should  be 
pointed  out: 

Doping  chemicals  are  contaminants  and  they 
intensify  the  charge  buiid-up  within  the 
fuel . 

On  the  other  hand  these  chemicals  increase 
the  conductivity  of  the  fuel  and  cause  a 
considerably  faster  dissipation  of  the  char 
ge . 


TEST  PROGRAM 


in  former  tests  (Ref.  3)  the  charge  build-up 
in  aircraft  tanks  has  been  investigated  to 
obtain  data  on  the  risk  of  discharges  inside 
the  tanks.  These  tests  have  led  to  the  re¬ 
commendation  that  fuels  be  doped. 

Our  objective  was  to  examine  the  charge  build 
up  on  the  frames  of  aircraft  being  fuelled 
with  doped  JP  4  under  iive  conditions. 

Main  purpose  was  to  gather  information  on 
bonding  and  earthing  philosophy  and  whether 
bonding  between  refueller  and  aircraft  is 
sufficient  to  prevent  a  static  discharge  du¬ 
ring  fuelling  with  doped  JP  4. 


Mock-up  Tests 

in  a  first  step  mock-up  tests  were  performed 
In  cooperation  with  TUV  Rheinland  (Industrial 
Supervisory  Boarc  ,  Cologne,  W-Germany). 

A  6000  ltrs  tank  truck  was  installed  on  10mm 
Teflon  insulation  plates  and  then  refuelled 
from  another  24000  ltrs  tank  truck  (Fig.  2 
and  3 ) . 

Fuel  was  flowing  from  the  refueller  through 
a  20  m  hose  (Table  1,  hose  8)  to  the  Charge 
Density  Measuring  Unit  (C0MU)  and  from  here 
through  a  3  m  hose  (Table  1,  hose  9)  into 
the  Insulated  tank.  The  3  m  hose  was  insula¬ 
ted  at  both  ends  with  an  Insulation  coupling 
(iso  1  resp.  Iso  2,  10  mm  Teflon  each). 

The  conductivity  of  the  two  hoses  was  in  com¬ 
pliance  with  German  Standard  VG  95955,  i.e. 
the  resistance  of  hoses  up  to  40  m  In  length 
should  not  exceed  1  M  Ohm  (see  Tabie  1). 

Throughout  the  fuelling  process  the  charge 
(  juC/m3)  of  the  fuel  was  measured  by  the 
C0MU  and  the  current  entering  the  3  m  hose 
was  monitored  at  iso  1.  The  value  of  the  current 
leaving  the  hose  at  iso  2  represents  tf.e  char¬ 
ging  current  entering  the  tank. 

The  tests  were  carried  out  at  tempera*ures 
of  approx.  4°C ,  with  a  fuel  conductivity  of 
about  360  pS/m. 

The  test  installation  was  available  for  a 
two-days  test  period,  oniy.  Nevertheless  the 
results  show  some  interesting  aspects: 

The  charge,passlng  through  the  COMO  was  near¬ 
ly  50  pC/nr  (see  Fig.  3  and  4)  and  the  resul¬ 
ting  current  was  about  0.9  jiA.  This  Is  neariy 
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i  .3  times  the  value  to  be  expected  for  Ieo 
when  using  the  above  equation  for  undoped 
fuel . 

The  returning  current  across  Iso  1  was  re¬ 
duced  by  ten  percent,  i.e.  about  0.8  jjA. 

The  returning  current  across  Iso  2  was  stili 
0.1  juA. 

The  charge  drop  between  Iso  2  and  Iso  1  is 
presumably  caused  by  relaxation.  After  all, 
it  took  more  than  3t  for  the  fuel  to  pass 
through  the  short  hose. 

The  reason  for  tha  relatively  high  charge 
density  of  fuel  entering  the  CDMU  might  be 
due  to  a  particular  charging  tendency  of  the 
hose  and  the  doping. 

To  demonstrate  the  charge  build-up  on  the 
tank  truck  simulating  tha  aircraft  we  inter¬ 
rupted  the  measuring  path  across  Iso  2  and 
registered  the  voltage  build-up  relative  to 
the  grounded  refueiler  chassis  (see  Fig.  3 
and  5). 

The  tank  ground  resistance  was  1.5  x  10100hms 
and  the  capacity  to  earth  appr.  1.3  nF. 

In  the  test  we  found  a  voltage  build-up  of 


A  U 
sec 


T1  "  100  sic  (see  Fig*  4) 


To  prevent  any  risks  the  increasing  voltage 

wa::  shorted  at  500  V__v. 

max 

Then  we  earthed  the  mock-up  with  2.2  M  Ohms 
and  found  the  voltage  across  it  to  be  0.3  V. 

(The  input  resistance  of  the  voltmeter  was 
1014  Ohms). 

Several  months  later  the  mock-up  test  re¬ 
sults  were  confirmed  by  a  simplified  in¬ 
stallation:  The  6000  ltrs  tank  truck  was  in¬ 
stalled  in  the  some  way  as  before,  but  the 
20  m  hose  was  directly  fitted  to  the  insula¬ 
tion  coupl ing  Iso  2 . 

Temperature  was  about  2°C,  and  the  conductivity 
of  the  fuel  250  pS/m. 


able  for  the  interface  aircraft/single  point 
of  the  hose,  we  had  to  register  the  voitage 
drop  between  a/c  and  refueller  while  pumping, 
to  measure  the  actuai  resistance  between  a/c 
and  refueller,  in  order  to  calculate  the  re¬ 
turning  current. 

Conductivity  of  the  JP4  was  measured  prior 
to  the  individual  tests  and  it  ranged  from 
200  to  360  pS/m  within  the  corresponding  tem¬ 
perature  range  from  -25°  to  +  25°C. 

The  measured  resistance  of  the  connecting  ho¬ 
se  across  which  the  voltage  drop  occurred  was 
in  the  range  of  60  -  550  KOhms.  The  voltage 
between  a/c  and  refueiler  never  exceeded 
0.5  V. 

With  the  examined  voitage  drop  and  the  actual 
hose  resistance  the  corresponding  current 
could  be  derived: 

-  At  flow  rates  of  about  800  1/min  charging 
current  was  approx.  0.8  pk. 

-  At  fiow  rates  of  about  1200  1/min  charging 
current  was  approx.  1  /jA. 


H1FR  (Helicopter  In  Flight  Refuelling) 
Estimation  of  charging 

This  special  procedure  of  fuelling  a  hovering 
helicopter  is  used  for  ship-based  helicop¬ 
ters  which  are  to  be  supplied  at  sea. 

In  the  German  Navy  this  method  is  not  yet  es- 
stablished.  Therefore,  no  tests  were  possible 
and  consequently  we  can  give  an  estimation, 
only . 

Concerning  electrostatical  charging  we  have 
to  distinguish  among  several  aspects.  In 
flight  a  helicopter  Is  mainly  charged  by 
tribo-electrif icatior,  (dust,  rain,  snow  etc.) 
natural  electrical  fields,  running  engines, 
and  HIFR : 


We  measured  the  returning  current  across 
Iso. 2  to  be  nearly  1  jjA  (see  Fig.  6).  Then  we 
bridged  Iso  2  with  a  2.2  MOhms  resistance 
and  found  the  voltage  between  tank  and  re¬ 
fueller  to  be  below  IV  (The  resistance  of 
the  teflon  insulation  between  tank  and  re¬ 
fueller  was  less  when  compared  with  the  first 
mock-up  tests  because  of  high  humidity). 


Live  Tests  (see  Fig.  7) 


Next  step  was  to  transfer  the  principle  to 
live  tests  on  several  aircraft.  To  simulate 
worst  case  conditions  the  aircraft  was  in¬ 
stalled  on  10  ram  Teflon  plates  insulating  it 
from  ground  (appr.  5x10®  Ohms  without  attached 
hose ) . 

The  earthed  refueller  pumped  JP4  into  the  a/c 
tanks  through  a  20  m  hose  (Table  1,  hose  8). 
The  resistance  of  this  hose  was  in  compliance 
with  Standard  VG  95955. 

Since  there  was  no  insulation  coupling  avail¬ 


The  amount  of  tribo-electric  charging  current 
primarily  depends  on  gross-weight  and  meteoro¬ 
logical  conditions  and  can  range  for  medium 
helicopters  from  10  to  30  juA  according  to 
tests  performed  at  Manching  in  the  seventies 
(UH-1  D/CH-53) . 

This  current  will  charge  the  capacity  heli¬ 
copter-earth  to  high  voltages  (tens  of  kilo¬ 
volts). 

The  natural  electrical  field  has  a  value  of 
about  100  v/m  at  clear  skies. 

For  atmospheric  disturbances  fields  up  to 
20  k V/m  were  reported. 

The  theoretical  value  for  a  hovering  height 
of  20  ra  would  be  400  kV.  However,  the  value 
measured  at  the  Hanching  trials  was  50  kVmax 
and  Ref.  7  gives  the  following  estimation: 
"Aircraft  voltages  will  vary  considerably  as 
with  other  forms  of  charging  but  are  unlikely 
to  reach  100  kV,  (contrary  to  earlier  be- 
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iiefs),  and  will  more  frequently  vary  between 
10-50  k  V." 

Charging  by  the  running  engines  can  be  neglec¬ 
ted  since  their  influence  Is  very  low. 

Fueiiing  charge  during  Hi F R 

In  addition  to  the  above  mentioned  constant 
negative  or  positive  charging  current  the 
fuelling  current  must  be  superimposed. 

The  latter  will  be  in  the  same  range  as 
found  in  our  above  tests. 

Aii  these  currents  have  to  be  grounded  while 
fueiiing  in  order  to  prevent  dangerous  sparks. 

The  capacity  of  a  helicopter  with  the  lift 
cable  dangling  near  ground  ranges  from  500- 
1  000  PF  (UH-1 D/CH-53)  and  it  is  nearly  con¬ 
stant  for  different  cable  iengths  and  heli¬ 
copters  at  the  time  of  first  discharging 
(see  Fig  .  8 ) . 

After  short  cut  of  stored  energy  the  perma¬ 
nent  current  will  cause  a  voltage  drop 
across  the  cabie  or  hose  iength,  respectively  .The 
standardized  hovering  height  for  HI F R  Opera¬ 
tions  is  15  to  20  m;  the  bonding  resistance 
between  the  ship  and  the  a/c  fuel  coupling 
should  not  exceed  1  M  Ohm  (Stanag  3847). 

For  assumed  data  50  KV  and  1000  pF  the  ener¬ 
gy  to  be  shortened  initially  via  earthing 
connections  will  amount  to 

E  «  j-  x  CU2  «  1250  mJ. 

For  the  above  data  and  a  permanent  current 
of  30  jjA  the  voltage  drop  of  the  hose  across 
1  MOhm  will  be 

U  « Rxl  «  30  /jA  x  1  MOhm  »  30  V. 

The  maximum  voltage  for  a  minimum  ignition 
energy  of  W  *  0.25  mJ  using  the  above  data  is 
given  by  the  following  equation 

» W  ■ 

The  time  constant 

Z  *  RxC  *  1  M  Ohm  x  1000  pF  *  1  m  sec. 

Within  a  3  m  Secs .  shorting  helicopter  will 
be  discharged . 

Voiljge  build-up  in  the  case  of  bonding  in- 
te'.upt  for  above  data: 


CONCLUSION 

In  a  air:raf t/ref uel ler  system  insulated  to 
ground  a  refuelling  process  should  not  ge¬ 
nerate  a  voltage  to  ground  because  charge 


buiid-up,  relaxation  and  return  via  bonding 
cabie  occur  within  this  system. 

The  process  wili  not  be  influenced  by  groun¬ 
ding  procedures. 

Bonding  through  the  hose  or  the  bonding  cabie 
with  1  M  Ohm  is  vital  and  should  be  suffi¬ 
cient  for  normal  conditions. 

To  prevent  a  charge  build-up  due  to  tran¬ 
sients  of  electric  fieids  for  thunderstorm 
conditions  earthing  by  cabie  is  recommended. 

However,  these  considerations  appiy  to  elec- 
trostatical  charging  ,oniy . 


HI  FR 

After  the  first  discharge  of  the  stored  elec- 
trostaticai  charge  at  initial  bonding  con¬ 
tact,  it  has  to  be  guaranteed  that  ship  and 
helicopter  are  kept  at  the  same  potential  du¬ 
ring  refueiiing.  For  ali  bonding  connections 
a  resistance  of  1  M  Ohm  shouid  be  sufficient. 
Immediately  before,  during  and  shortiy  after 
the  refueiiing  process  a  bonding  connection 
has  to  be  maintained . 

Under  thunderstorm  conditions  the  use  of  a 
bonding  cable  is  recommended. 
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Table  1 

Resistance  of  extracted 

fuel  hoses 

Table  2 

Resistance  of  i 

refuellers  to  adja- 

from  refueller  chassis 

to  single 

cent  earth  point  (through  tires. 

point 

earthing  cable 

attached) 

Refueller-  Resistance 

Remarks 

Refueller 

Resi stance 

Remarks 

Hose 

of  Fuel  Hose/ 

Chassis 

to  Earth 

Ohms 

Point/Ohms 

1 

750 

20  m  Hose 

1 

30K 

on  asphalt 

2 

100 

2 

2  5  K 

3 

20K 

3 

50K 

4 

125 

4 

50K 

5 

250 

5 

25K 

6 

350 

6 

5  5  K 

on  anti-skid 

7 

300K 

7 

50K 

coating 

8 

550  K 

8 

1 00  K 

9 

30 

3  m  Hose 

Refuel ler 

6  was  used  for 

all  tests 

Hoses  8 

and  9  respectively  were  used  for  the 

tests 


Table  3  Resistance  and  capacity  to  earth 
point  for  parked  aircraft 


A/C 

Resistance 
via  Tyres/ 
Ohms 

Capa¬ 

city/ 

nF 

Remarks 

FI  04 

5-1 ,3  N 

2.2 

on  anti-si 

F4 

5-  7  M 

3,5 

coating 

°<-Jet 

NRCA 

1-1  .5  N 

0,2-1 ,2H 

2 

Above  values  (Table  1-3)  highly  depend  on 
particular  earthing  conditions,  aircraft  con¬ 
figuration  and  relative  humidity,  they  are 
mean  values. 


Conductivity  of  doped  JP  4  as  function  of  temperature  {Random 
samples  of  refuellers  and  storage  tanks  at  different  airports) 


Photograph  of  mock-up  test  configurate 


Charge  densitiy  of  the  fuel  passing  the  CDMU  (Flow  rate  1200  1  /  min 
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Abstract  -  A  hand-held  field-meter  (HFM)  was  developed  for  the  purpose  of  measuring 
electrostatic  charge  distributions  outside  the  laboratory  without  the  need  for  expen¬ 
sive  or  bulky  equipment.  It  consists  of  a  sensor-device,  which  is  moved  along  the 
structure  of  interest  by  hand  and  a  battery-operated  minicomputer  connected  to  it  by 
simple  two  wire  connection.  Presentation  of  the  entire  local  charge  distribution  on 
a  graphic-screen  and  on  a  small  printer  as  well  as  evaluation  of  interesting  data  like 
medium,  maximum  and  minimum  surface  charge  density  are  possible  on  location.  The  system 
is  expected  to  improve  electrostatic  testing  of  large  objects  or  components  in  and  out¬ 
side  the  laboratory. 


1 .  INTRODUCTION 

It  is  known  that  any  insulating  material  or 
insulated  conducting  structure  can  be  elec¬ 
trostatically  charged.  Especially  thin  lay¬ 
ers  of  high  resistivity,  applied  on  the  con¬ 
ductive  structure  or  lightning  protection 
system  of  aircraft  parts  may  cause  electro¬ 
static  problems.  Charge  densities  of  some 
hundreds  of  nanocoulombs  per  square  centime¬ 
ter  may  be  stored  and  discharged  by  break¬ 
down  of  the  insulating  layer  or  by  surface 
flashover.  Surface  streamer  produced  by 
static  charging  of  the  fuselage  of  an  air¬ 
craft  on  the  ground  were  shown  by  Taillet  [1] 
and  are  related  to  charge  densities  in  the 
mentioned  range. 

In  preceeding  works  [2,3]  the  entire  result¬ 
ing  electrostatic  charge  distribution  due  to 
several  methods  of  simulated  charging  was 
measured  in  the  laboratory  on  samples  of 
fixed  size  and  shape.  The  damage  of  insulat¬ 
ing  superficial  layers  due  to  the  discharge 
of  the  stored  energy  could  be  demonstrated. 
With  the  help  of  the  computer-controlled 
measuring  systtn  it  was  found  that  the  local 
surface  charge  distribution  was  not  neces¬ 
sarily  uniform  but  large  differences  in  sur¬ 
face  charge  density  at  short  local  distances 
were  possible.  Thus  it  was  desirable  to  be 
able  to  measure  the  true  local  surface  charge 
distribution  not  only  in  the  laboratory  but 
also  in  the  field. 

2.  MEASUREMENT  OF  SURFACE  CHARGES  BY  CAPA¬ 
CITIVE  PROBE 


The  measurement  of  the  surface  charges  o  on 
an  insulating  superficial  layer  or  an  insu¬ 
lated  object  has  to  be  done  by  the  static 
electric  field  E.  To  do  this,  several  kinds 
of  probes  are  known,  e.g.  the  field  mill  [4], 
the  vibrating  probe  [5]  or  the  active  or  pas¬ 
sive  capacitive  probe.  The  basic  mechanism, 
that  is  producing  a  sensor  signal,  is  in  any 
case  the  electric  field  strength  on  the  sen¬ 
sor  surface.  So  the  relation  between  field 
strength  and  surface  charge  have  to  be  con¬ 


sidered  carefully.  On  the  other  hand  for  a 
true  static  measurement  some  effort  is  neces¬ 
sary  to  handle  the  drift  problem  of  the  ac¬ 
tive  capacitive  probe  if  the  mechanical  prob¬ 
lems  of  the  moving  sensors  shall  be  avoided. 


2. 1  The  static  field  of  a  charge!  layer  or 
Insulated  object 

Figure  1  shows  the  basic  principle  of  opera¬ 
tion  of  an  active  capacitive  field  probe  in 
the  outer  electric  field  of  a  charged  layer 
of  thickness  d.  If  the  distance  between  probe 
and  surface  is  a,  the  surface  charge  density 
a  and  the  dielectric  constant  of  the  consid¬ 
ered  material  er,  the  measured  field  strength 
E  will  be: 

E  » - 2_ -  (1) 

Eo( 1  +  f  Er> 


This  equation  is  only  valid  if  the  backplane 
of  the  insulated  layer  has  the  same  potential 
as  the  sensor  (usually  grounded) .  It  is  im¬ 
portant  to  realize  that  high  surface  charge 
densities  may  have  relatively  low  external 
fields  if  the  measuring  distance  is  high  com¬ 
pared  with  the  thickness  of  the  layer.  As 
described  in  [3]  the  limiting  value  for  o  is 
the  possible  inner  field  strength  E^  max  fol¬ 
lowing  eq.  (2)  : 


max 


l  max 


(2) 


For  good  insulators,  especially  thin  layers, 
charge  densities  in  the  range  of  microcou¬ 
lombs  per  square  centimeter  are  possible.  If 
a  capacitive  probe  is  calibrated  in  a  homoge¬ 
neous  field,  the  true  charge  density  on  the 
surface  is  given  by: 


o  -  £0  *  E  •  H  +  3  Er> 


(3) 


If  the  field  strength  in  the  vicinity  of  a 
conducting  charged  object  is  to  be  measured 
the  whole  stray  capacitance  of  the  object  has 
to  be  known,  as  the  surface  charge  density 
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changes,  when  the  probe  is  approaching  the  age  which  was  not  considered  in  eq.  (4)  but 

surface.  is  yet  existing  as  fig.  2  shows. 


Figure  1 :  Basic  principle  of  operation  of  an 
active  capacitive  field  probe  in 
the  vicinity  of  a  charged  layer 

2.2  Elimination  of  the  integrator  drift 

For  high  resolution  and  low  distortion  of  the 
measured  field  the  active  capacitive  probe 
is  the  best  solution.  However,  the  electron¬ 
ic  integrator  implicates  a  problem  of  time 
dependent  drift  error.  As  indicated  in  fig. 

1  not  only  the  displacement  current  iq  is 
integrated  in  the  capacity  C,  but  also  the 
offset  current  iQ  and  thus  the  output  volt¬ 
age  of  the  integrator  U  follows  eq.  (4) : 


If  the  offset  current  ip  is  constant,  a  drift 
error  increasing  linearly  with  time  is  to  be 
expected.  Figure  2  shows  an  example  of  the 
drifting  output  signals  with  E  =  0  at  room 
temperature  for  16  different  sensor  channels. 
As  the  sensor  area  A  and  the  integration  ca¬ 
pacity  C  is  chosen  for  an  output  signal  of 
approx.  2  volts  at  maximum  field  strength, 
an  error  of  less  than  10  %  during  a  measur¬ 
ing  time  of  100  seconds  can  be  observed. 

This  error  is  related  to  an  offset  current  of 
approx.  1  pA.  It  could  be  reduced  by  choosing 
much  more  expensive  operational  amplifiers, 
but  as  the  value  is  increasing  significantly 
with  temperature  the  error  would  never  be 
neglectible.  Since  i0  is  a  constant  value 
during  the  considered  time  (linear  slope  of 
the  curves)  it  is  better  to  correct  it  mathe¬ 
matically  if  the  first  and  the  last  value  of 
the  drift  error  and  the  timing  of  the  mea¬ 
surement  is  known.  This  has  the  additional 
advantage  to  eliminate  also  the  offset  volt- 
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Unor  =  135  mV  t 


Figure  2;  Typical  offset  current  drift  of  16 
different  integrator  channels  at 
room  temperature 

3.  REALIZATION  OF  THE  HAND-HELD  CHARGE 
DISTRIBUTION  MEASUREMENT  SYSTEM 

Two  main  components  were  used  to  develop  a 
lightweight,  hand-held  charge  measurement 
system.  First,  a  sensor  device  with  the 
ability  to  measure  the  static  electric  field 
along  a  line  parallel  to  a  surface  of  inter¬ 
est,  moved  by  hand  in  the  direction  of  the 
second  coordinate.  Second,  a  commercially 
available  minicomputer  to  be  carried  with  a 
shoulder-belt  by  the  operator.  Together  with 
appropriate  machine-language  programs  the 
fast  serial  (38400  Baud)  interface  of  the 
computer  is  used  for  simple  two-wire  data 
transfer  between  the  two  components.  The 
total  weight  of  the  system  is  approx.  3  vq. 

If  desired,  the  sensor  device  can  be  operated 
stand-alone  with  an  oscilloscope  display  and 
without  data  storage  and  drift  correction  but 
with  automatic  drift  reset  at  fixed  intervals. 
The  measuring  ranges  are  t  25,  10  and  5  kV/cm 
with  a  resolution  of  200,  80  and  40  V/cm.  The 
related  charge  values  are  computed  for  the 
individual  test  objects  as  described  in  2.1. 

3 . 1  Sensor  device 

The  principle  of  operation  of  the  hand-held 
sensor  device  is  shown  in  a  block  diagram  in 
fig.  3.  16  active  capacitive  field  probes  are 
arranged  in  a  sensor  cylinder,  which  can  be 
rotated  45°  by  means  of  a  reset-servo  to 
achieve  a  shielded  position  before  and  after 
measurement.  Thus  the  condition  E  =  0  allows 
to  reset  the  integration  capacitors  at  the 
beginning,  and  to  store  the  drift  error  val¬ 
ues  at  the  end  of  a  measurement.  The  distance 
between  the  single  probes  was  chosen  to  be 
12.5  ram  to  cover  a  measured  length  of  200  mm 
in  the  x-coordinate.  The  16  field  strength 
signals  are  multiplexed  and  transmitted  seri¬ 
ally  to  an  analog  to  digital  converter  of 
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Some  other  kinds  of  presentations  will  be 
shown  in  the  next  figure  with  an  example  of 
simulated  field  data.  First,  a  3-dimensional 
presentation,  which  is  simulating  the  resolu¬ 
tion  of  the  LCD-display  on  a  matrix  printer. 
Second,  the  same  data,  presented  with  an  in¬ 
tensity  variation  related  to  the  local  value 
of  the  field  strength.  The  third  picture 
shows  the  lines  of  equal  field  strength  for 
the  same  data.  These  examples  demonstrate  the 
variety  of  possible  evaluations  which  can  be 
used  for  the  different  purposes. 


f 

c 
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Figure  7:  Different  examples  of  field  data 
presentation 
A:  3 -dimensional 
B:  Intensity  variation 
C:  Lines  of  equal  field  strength 

For  the  first  qualitative  impression  the  3- 
dimensional  presentation  is  definitely  the 
best  solution.  On  the  other  hand  it  does  not 
allow  to  localize  an  anomaly  exactly.  For 
this  purpose  the  other  presentations  are  more 
useful.  It  is  also  possible  to  plot  a  line  of 
measured  data  along  a  single  coordinate.  From 
the  field  strength  differences  on  different 
points  along  the  surface,  the  surface  field 
strength  across  the  insulating  layer  can  be 
determined,  too. 

Finally,  the  digital  storage  of  all  measured 
data  allows  evaluation  of  interesting  values, 


such  as  true  local  surface  charge  Q,  maximum 
charge  density  o  or  medium  and  minimum  charge 
density  if  the  thickness  and  the  dielectric 
constant  of  the  surface  layer  are  given  as 
described  in  2.1. 

5.  CONCLUSIONS 


As  known  from  previous  work,  electrostatic 
charge  distribution  on  insulating  layers  can 
be  very  inhomogeneous.  Thus  local  charge  val¬ 
ues  may  be  much  higher  than  the  result  of  an 
integral  measurement  suggests.  On  the  other 
hand  the  interpretation  of  the  local  charge 
distribution  can  give  valuable  information 
about  the  measured  material  (resistivity, 
layer  thickness,  bonding  quality) . 

With  the  developed  hand-held  field-meter  it 
is  possible  to  make  a  true  charge  distribu¬ 
tion  measurement  outside  the  laboratory  in¬ 
cluding  data  storage  and  error  correction. 
Thus  it  will  be  possible  to  control  the  pro¬ 
perties  of  surface  layers  during  operation, 
without  the  need  for  laboratory  samples.  The 
system  will  improve  electrostatic  testing  of 
large  objects  and  shall  be  used  on  aircraft 
parts  or  similar  objects  in  the  near  future. 
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8-Bit  resolution.  As  the  16  signals  are  con¬ 
verted  and  transmitted  within  4.8  ms  they 
can  be  considered  as  measured  at  equal  times 
compared  with  the  measuring  velocity  in  the 
y-coordinate.  Three  different  modes  of  oper¬ 
ation  can  be  chosen. 


1.  X/Y-mode:  A  friction  wheel  (fw)  initiates 
a  new  set  of  data  after  a  move¬ 
ment  of  12.5  mm  in  the  y-coor¬ 
dinate  (Ay) .  Thus  an  area  of 
200  mm  times  1  m  can  be  scanned 
by  hand  as  the  16  field  probe 
signals  are  stored  80  times. 

The  time  of  this  measurement 
may  be  between  0.4  and  20  sec¬ 
onds  as  desired  by  the  user. 

This  mode  is  used  if  it  is  dif¬ 
ficult  or  not  desired  to  use 
the  friction  wheel,  or  if  the 
object  itself  is  moving  or  if 
the  time-dependent  development 
of  the  charges  along  one  line 
is  to  be  measured.  A  new  set  of 
data  is  stored  each  5  ms  to  250 
ms  as  desired,  resulting  in  a 
total  measuring  time  as  in  X/Y- 
mode. 


2.  X/t-mode: 


test 

object 


Figure  3:  Principle  of  operation  of  the 
hand-held  field-meter  (HFM) 

As  sensor  device 
B:  Minicomputer  with  built-in 
printer  and  recorder 


3.  Scope-m:  In  this  mode  the  16  multiplexed 
analog  channel  signals  can  be 
displayed  permanently  by  an  os¬ 
cilloscope  as  demonstrated  in 
fig.  4.  The  sensor  unit  closes 
and  opens  at  20  s  intervals  for 
drift  reset.  Thus  a  local  moni¬ 
toring  of  charge  development  or 
a  control  of  general  charge  dis¬ 
tribution  can  be  done  in  the  lab¬ 
oratory  without  data  storage  for 
later  use. 


0.2V/div. 


4.8  ms 
200  mm 


Figure  4:  Example  of  the  field-strength  dis¬ 
tribution  along  a  line  parallel  to 
the  surface  of  an  artificially 
charged  insulator  (PMMA,  5  mm) 

In  the  first  two  modes  the  16  channel  signals 
are  transmitted  to  the  computer  for  the  first 
time  immediately  after  integrator  reset  and 
and  with  the  sensor  unit  in  the  shielded  po¬ 
sition  (E=0) .  During  the  measurement  the  com¬ 
puter  checks  the  actual  time  of  a  data  trans¬ 
mission  for  later  drift  correction.  For  the 
same  reason  a  set  of  data  is  transmitted  at 
the  end  of  the  measurement  with  shielded 
probes.  Thus  a  complete  measurement  consists 
of  (80+2)*  16  =  1  312  charge  values  which  are 
transmitted  to  and  stored  by  the  computer. 

As  the  sensors  are  arranged  on  a  cylinder  of 
60  mm  diameter  and  are  to  be  used  in  a  dis¬ 
tance  of  ’2.5  mm  from  the  surface,  the  shape 
of  the  test  object  should  be  nearly  straight 
in  one  direction.  In  the  second  coordinate  a 
radius  of  the  surface  down  to  10  to  20  cm  is 
possible.  Thus  big  objects  with  a  limited  cur¬ 
vature  of  the  surface  in  only  one  direction 
can  be  measured  like  the  fuselage,  wings  or 
windscreen  of  an  aircraft  or  similar  objects. 

3.2  Minicomputer 

All  measuring  data  from  the  sensor  device  can 
be  transmitted  to  a  small  and  lightweight 
minicomputer,  able  to  store  the  necessary 
amount  of  data,  handle  the  data  transmission 
and  display  the  results  on  a  built-in  LCD 
screen  and  a  small  miniprinter .  With  a  weight 
of  approx.  2  kg  the  computer  is  able  to  oper¬ 
ate  24  hours  in  stand-by,  waiting  for  data, 
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and  1  hour  in  permanent  data  transmission. 

For  data  display  and  transmission  machine 
language  programs  were  developed.  A  simple 
utility  program  just  asks  the  user  for  the 
measuring  range  and  tells  him  how  many  files 
are  free  on  the  tape-case tte.  When  the  com¬ 
puter  is  prepared  for  data  transmission,  the 
measurement  begins  by  pressing  the  start  but¬ 
ton  on  the  sensor  device  or  moving  the  fric¬ 
tion  wheel  in  the  X/Y-mode. 


After  measurement  any  stored  data  can  be 
transmitted  via  RS  232  interface  to  other 
computers  or  storage  equipment  if  desired. 
Additional  presentation  of  data  on  matrix- 
printer  or  plotter  at  the  office  is  possible 
as  well.  A  lot  of  programs  were  developed  for 
this  purpose. 


4.  RESULTS  AND  PRESENTATION  OF  MEASUREMENTS 

4 . 1  Immediate  presentation 

Immediately  after  measurement  the  computer 
presents  a  small  3-dimensional  picture  on  the 
printer  and  the  LCD-screen  with  low  resolu¬ 
tion  and  no  drift  correction.  The  user  can 
decide  whether  he  wants  to  get  a  better  pres¬ 
entation  and  data  storage  or  start  a  new 
measurement.  Fig.  5  shows  the  information 
that  he  will  receive. 
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Figure  5;  Results  of  a  measured  charge  dis¬ 
tribution  as  presented  by  the  mini¬ 
printer  (and  LCD-display) 

(PMMA,  5  mm,  corona-charged) 

As  3-dimensional  presentation  of 
the  entire  measured  data 
B:  Presentation  of  the  different 
sensor  channels  (Ch  1  to  9  only) 


In  this  case  the  sensor  device  was  moved 
along  the  surface  of  a  piece  of  corona- 
charged  plexiglass.  The  measured  field 
strength  distribution  is  presented  once  with 
positive  polarity  up  and  once  with  negative 
polarity  up.  In  this  way  c  Tres  can  be  seen, 
which  otherwise  might  be  hidden  behind  others. 

In  addition,  the  different  sensor  channels 

are  presented  separately  to  ease  the  exact 

localization  of  any  anomaly.  For  each  single 

picture  the  measuring  time,  the  maximum,  , 

minimum  and  medium  measured  field  strength 

is  given. 

4.2  Improved  presentation 

The  resolution  of  the  built-in  LCD-display 
and  miniprinter  is  limited,  as  fig.  5  showed. 

However,  as  the  measured  data  are  stored  on 
magnetic  tape,  improved  presentation  with 
the  help  of  additional  hardware  at  the  labo¬ 
ratory  or  at  the  office  is  possible.  Fig.  6 
shows  the  resolution  which  can  be  achieved 
for  the  same  data  as  in  fig.  5  by  the  use  of 
a  usual  matrix-printer.  The  different  meas¬ 
uring  time  positions  are  connected  in  this 
presentation  by  a  line  and  the  time  axis  is 
turned  around. 
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Figure  6:  Measured  charge  distribution  of 

fig.  5  as  presented  with  improved 
resolution 

A:  3-dimensional  presentation 
Bs  Data  of  one  selected  channel 
(Ch.  4) 
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A  NEW  UNDERSTANDING  OF  BREAKDOWNS  IN  THE  DAY  SECTIONS  OF  GEOSYNCHRONOUS  ORBIT 
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Abstract  -  Spacecraft  anomalies  all  around  the  geostationary  orbit  are  tentatively  explained  as  the 
result  of  a  material -dependent  worst  case  environment. In  the  midnight-to-dawn  section  of  the  geostationary 
orbit,  differential  charging  is  understood  as  a  consequence  of  particle  injection  during  the  occurrence 
of  substorms.  In  the  day  section,  spacecraft  anomalies  have  been  rather  explained  by  charging  of  internal 
dielectrics  due  to  penetrating  high  energy  electrons. 

The  exposed  theory  is  an  attempt  to  a  unified  conception  of  spacecraft  charging.  It  is  aimed  at  demons¬ 
trating  that  the  concept  of  worst  case  environment  is  dependent  on  materials  properties:  worst-case 
for  "conductive"  dielectrics  is  the  occurrence  of  substorms  and  is  to  be  found  in  the  midnight-to-dawn 
section.  Conversely,  poorly  conductive  materials,  or  floating  structures  will  experience  worst  case  char¬ 
ging  in  the  day-section  provided  they  are  in  the  shadow. 


I  -  INTRODUCTION 

It  has  become  well  known  that  dielectric  materials 
used  as  satellite  external  coatings  can  be  differen¬ 
tially  charged  by  the  ambient  environment  at  geosyn¬ 
chronous  orbits. 

The  current  understanding  is  to  associate  the  possibil¬ 
ity  of  such  charging  with  the  develop, lent  of  geoma¬ 
gnetic  substorms  which  affect  the  electron  and  ion 
population  in  a  given  section (midnight-to-dawi  of  the 
geosynchronous  orbit.  This  theory  is  supported  by  the 
numerous  anomalies  that  a  lot  of  satellites  underwent 
precisely  in  this  orbit  section  when  geomagnetic  acti¬ 
vity  was  high. 

Nevertheless,  the  anomalies  distribution  is  not  always 
so  clear,  and  many  other  satellites  present  a  different 
pattern.  Not  always  correlation  is  found  with  the 
satellite  location,  nor  with  geomagnetic  activity. 

We  propose  a  new  theory  so  as  to  contribute  to  explain 
these  unexpected  behaviors.  It  is  built  in  the  light 
of  both  personal  experience  (on  conductivity  properties, 
breakdown  criteria  drawned  from  ground-tests)  and 
published  literature  on  environment  and  satellite  ano¬ 
malies.  The  approach  of  the  paper  comes  out  from  the  two 
questions:  which  is  the  most  significative  worst  case 
environment  parameter  :  Energy  or  Intensity?  The  fur¬ 
ther  question  is  where  on  the  orbit  are  the  highest 
energies  or  intensities  encountered? 

We  show  that  there  is  not  simply  a  unique  "worst  case". 
Day  side  environment  will  be  the  worst  case  for  pure 
dielectrics  (no  conduction),  night  side  will  be  the 
worst  for  dielectrics  with  a  certain  amount  of  conduct¬ 
ivity. 

I I  -  THE  LOCAL  TIME  DEPENDENT  OF  THE  ANOMALIES 

The  local  time  dependence  of  anomalies  is  often  presen¬ 
ted  in  the  form  of  Figure  1  from  Ref.  (l). 

The  figure  1  distribution  is  typical  of  what  Is  well 
understood  by  the  current  theory  on  spacecraft  charging 
which  associates  the  charging  and  discharging  probabi¬ 
lity  with  the  encountering  of  injected  electrons  (in 
the  1  to  50  keV  energies)  in  the  midnight-to-dawn 


Section  of  the  orbit  during  substorm  periods.  Correla¬ 
tion  is  found  with  location  and  also  with  geomagnetic 
activity.  The  number  of  anomalies  occurrences  is 
maximum  precisely  at  the  very  injection  location 


LOCAL  TIME  DEPENDENCE  OF  ANOMALIES 


IS  M  IS  It  II  10  » 


O  INTELSAT  HI  0 

Figure  1  -  Typical  local  time  dependence  of 
anomalies  (Ref.l  )  (radial  distance  has  no  meaning) 


The  figure  2,  from  Ref.  (2)  exhibits  a  quite  different 
pattern. 

There  is  not  any  obvious  maximum:  anomalies  are  as 
frequent  in  day-side  than  in  the  night-side.  The  ano¬ 
malies  outside  the  midnight-to-dawn  section  are  not 
yet  completely  understood.  Suppositions  are  that  they 
may  be  caused  by  discharging  (for  unknown  reasons) 
long  time  after  that  charge  has  occurred  in  the  night- 
side.  Another  hypothesis  is  that  they  may  be  due  to 
high  energy  penetrating  electrons. These  electrons  would 
charge  dielectrics (like  insulating  cable  sheaths) 
inside  the  satellite. 

This  paper  is  an  attempt  to  a  unified  conception  of 
spacecraft  charging  and  Induced  anomalies  in  terms  of 
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material  properties  (mainly  conductivity)  and  local 
time  dependent  environment. 

MIDDAY 


0000 

MIDNIGHT 

Figure  2  -  Meteosat  FI  anomalies  Iccal  time  depen¬ 
dence  (Ref.  2)  -  Radii  scale  0-25  indicates  Nos  of 
events 


3.  THE  SPACECRAFT  CHARGING  THEORY 

Very  complete  reviews  papers  (3,4)  deal  with  the  space¬ 
craft  charging  theory.  Only  major  characteristics  are 
reported  here. 

3.1 .  Absolute  charging 

Absolute  charging  refers  to  the  entire  spacecraft 
potential  with  respect  to  the  ambient  plasma.  It  is 
the  result  of  the  charge  collected  from  the  environment. 
The  basic  physical  law  governing  the  potential  of  a 
surface  is  that  it  takes  the  value  which  annuls  charge 
exchanges.  The  net  current  to  surface  is  then  zero, 
and  when  it  is  not,  a  potential  variation  is  induced 
in  such  a  way  to  satisfy  the  current  balance. 

The  ambient  plasma  consists  of  electrons  and  ions, 
mainly  protons.  The  plasma  characteristics,  energy  and 
density,  are  dependent  on  the  location  on  the  orbit 
and  on  the  state  of  the  magnetosphere,  quite  or  distur¬ 
bed.  The  substorm  is  a  disturbed  state  which  makes 
higher  the  intensities  (in  the  1  to  30  keV  energy  range) 
in  the  antisolar  side  of  the  magnetosphere.  As  a  rapid 
statement,  absolute  potential  will  depend  on  the  den¬ 
sity  (temperature)  of  the  plasma.  Photoemission  due  to 
extreme  ultraviolet  sun  light  will  have  also  a  major 
importance. 

At  equilibrium,  the  following  equation  applies  to  a 
floating  surface  : 

Je  =  Ji  +  Jsec  +  Jph  ( 1 ) 

Je  is  the  electron  Incident  current,  termed  as  the 
charging  current.  Je  is  a  Function  of  the  potential  V 
of  the  col lecting  surface.  Je  decreases  when  the  surface 
potential  increases  negatively. 

Ji  is  the  ion  incident  current.  It  is  oil y  slightly 
dependent  on  the  negative  surface  potential.  For  a 


plasma  where  electrons  and  ions  are  in  thermal  equil 
ibrium,  the  electron  incident  current  exceeds  that  of 
the  ions  by  a  factor  VMi/Me,  Mi  and  Me  being  the  ion 
and  electron  mass.  Je  '*■  40  Ji  for  a  surface  at  zero 
potential . 

Jph  is  the  photoemission  current.  When  a  material  is 
exposed  to  sunlight  radiation,  its  most  energetic 
photons  (with  quanta  energies  hv  >  4  eV,  E-U-V  domain) 
can  extract  electrons  from  the  surface  material, 
depending  on  its  work  function.  Photoemitted  electrons 
are  in  the  1  eV  range,  which  makes  photoemission  very 
sensitive  to  barrier  effects.  Phctoemission  from  a 
kapton  surface  under  normal  solar  incidence  is  about 
2  nA/cm2  (in  the  absence  of  barrier  effectsMvalue  of 
2  nA/or?  is  taken  in  the  Nascap  Library,  see  for  ins¬ 
tance  Ref.  5). 

Jsec  is  the  secondary  emission  current  from  a  surface 
due  to  impact  of  primary  particles.  Tne  yield  i  (true 
secondary  emission)  or  o  (total  secondary  emission) 
is  the  number  of  emitted  electrons  per  incident  elec¬ 
tron.  It  is  a  function  of  the  primary  energy  and  for 
dielectrics  and  metal  oxydes  it  may  exceed  unity. 

For  a  given  primary  energy,  Jsc-  =  o(Fp)Jp. 

Secondary  electron  energies  are  in  the  0  to  50  eV 
range. 

Absolute  charging  by  itself  is  not  considered  to  be 
the  first  reason  of  discharges  and  anomalies  on-board 
satel 1 ites. 

3.2.  Differential  charging 

Differential  charging  occurs  because  of  the  existence 
of  many  dielectric  materials  used  as  external  coa¬ 
tings.  These  materials  are  selected  for  thermal  con¬ 
trol  properties  first.  They  are  dielectrics  accidently 
except  in  certain  cases  on  solar  generators  for  ins¬ 
tance. 

The  reason  for  a  given  dielectric  to  charge  differen¬ 
tially  (with  respect  to  the  structure  or  ground  of 
the  satellite)  lies  both  on  material  properties  and 
on  locally  varying  situation  on  the  satellite.  When 
isolated  surfaces  have  different  material  properties 
(conductivity,  secondary  emission)  or  are  exposed  to 
different  environments,  different  potentials  will  be 
induced. 

Shadowing  of  a  surface  (by  the  body  of  the  satellite) 
is  a  source  of  differential  charging  by  preventing 
photoemission. 

Differential  charging  is  thought  to  be  the  first 
reason  of  concern  on  satellites.  It  gives  rise  to 
strong  local  electric  fields  at  the  edges  of  the 
thin  dielectrics  used  is  thermal  coatings. 

At  equilibrium,  the  balance  equation  (1)  must  then 
include  a  term  of  leakage  current  as  a  consequence 
of  me  differential  voltage  4Vs. 

Je(Vs)  =  Ji(Vs)  *  Jsec ( Vs )  +  Jph(Vs)  +  Jl(aVs)  (2) 
with 

VS  =absolute  structure  (ground)  potential 
4Vs=differential  voltage  of  a  dielectric  with  respect 
to  structure 

JI (aVs )= leakage  current  depending  only  on  material 
conductivity  properties 
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Equation  (2)  simplifies  for  a  surface  in  shadow  and 
for  pure  dielectriccs 

.  SURFACE  IN  SHADOW  (Jph  =  0) 

Je(Vs)  =  Ji(Vs)  +  Jsec(Vs)  +  Jl(4Vs) 

and  with  the  approximation  Je  >  Ji 

Je(Vs)  =  Jsec(Vs)  +  Jl(AVs)  (3) 

.  SURFACE  IN  SHADOW  AND  PURE  CAPACITORS  ( Jl =0) 

Je(Vs)  =  Jsec(Vs)  (4) 

Equations  3  and  4  apply  to  electron  charged 
dielectrics  in  the  laboratory  conditions  where  the 
samples  under  tests  are  layed  on  grounded  holders. 
Results  of  such  laboratory  experiments  are  discussed 
in  the  following  sections. 


Je  (vs) 


Figure  3  -  The  capacitor  ground  test  charging  model 


4.  THE  CAPACITIVE  MODEL  IN  GROUND  TEST  CONFIGURATION 

The  situation  of  a  dielectric  in  laboratory  tests  is 
rather  different  from  the  in-orbit  situation. 

.  The  metallized  side  (rear  side)  of  the  sample  is 
at  ground  experiment  potential.  In  space,  the  metal¬ 
lized  side  is  at  the  frame  "absolute"  potential. 

.  The  charging  environment  is  very  simplified  : 
monoenergetic  electron  beams  are  used  instead  of 
distributed  energy  electrons  and  ions  beams. 

Nevertheless,  this  simplified  approach  is  experimen¬ 
tally  easy  and  much  has  been  learned  about  electro¬ 
static  behavior  and  material  properties  of  electron 
bombarded  dielectrics. 

The  following  section  emphasizes  two  of  these  pro¬ 
perties,  namely  secondary  emission  and  conductivity, 
which  are  keys  of  existing  differential  potentials. 
(Photoemission  is  another  important  key  but  it  will 
be  not  dealt  with). 

4.1.  The  capacitive  charging  model: 

The  dielectric  is  considered  to  be  a  capacitor  loaded 
by  its  own  leakage  resistor. 

The  basic  equation  is  the  following 
C ( dv/dt )  =  Je ( V )  -  ( Jsec(V)  +  Jl ( V ) ) 

V  surface  potential  in  Volts 
C  capacity  in  F/cm? 

Je  incidence  electron  current  in  A/cm? 

Jsec  secondary  electron  current  in  Vcm? 

Jl  leakage  current  or  conduction  current  in  A/cm?. 

At  equilibrium,  C ( dv/dt )  -  0 
Je(Vseq)  =  Jsec(Vseq)  +  Jl(Vseq), 

that  is  equation  (3)  with  Vs  -  aVs. 


4.2  Idealized  dielectrics  :  pure  capacitors 

For  pure  capacitor  Jl  =  0  and  equation  (3)  turns 
into  (4). 

Je(Vseq)  =  Jsec(Veq). 

Secondary  emission  is  then  the  only  physical  process 
by  which  charge  is  removed  from  the  surface.  The 
equilibrium  potential  will  be  the  one  for  which  the 
secondary  emission  yield  is  unity. 

Let  us  consider  the  secondary  emission  yield  of  kapton 
as  a  function  of  primary  energy.  Figure  4  shows  two 
curves.  One  is  from  Ref.  (6).  The  other  was  obtained 
with  home  facilities. 


Figure  4  -  Secondary  emission  yield  of  kapton 
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The  curve  is  very  typical  of  secondary  emission  of 
dielectrics.  It  shows  that  the  yield  can  be  higher 
than  unity  for  energy  ranging  from  50  to  500/800  eV. 
These  values  are  termed  as  Eland  E2,  cross  over  ener¬ 
gies  for  which  o  =  1. 

Let  us  suppose  now  that  an  irradiation  is  started  with 
E  >  E2.  a  is  lower  than  unity  and  charge  is  stored  on 
the  surface. 

As  the  surface  potential  grows,  the  effective  energy 
of  the  incoming  electron  is  reduced  by  an  effect  of 
potential  repelling.  "True"  incoming  energy  is  : 

E  -  qVs. 

When  Vs  is  high  enough  that 

E  -  qVs  =  E2  (5) 

a  =  1 ,  and  no  more  charge  can  be  further  brought 
to  the  surface. 

Very  important  consequences  outcome  from  equation  (5). 

The  first  is  that  the  plot  of  surface  potential 
at  equilibrium  against  energy  Vseq(E)  will  be  a 
straight  line.  This  has  been  widely  verified  by  most 
experimentations.  See  Ref. (8). 

The  second  is  that  equation  (5)  is  not  dependent 
on  beam  intensity.  Only  the  energy  determines  the 
surface  potential  Vseq  at  equilibrium.  It  will  be 
grown  more  or  less  rapidly  depending  on  intensity 
but  saturation  value  will  not  be  changed. 

In  terms  of  worst  case  environment,  this  leads  to  the 
statement  :  "the  potential  of  such  a  dielectric  in 
space  will  be  governed  essentially  the  mean  energy  of 
the  encoutered  electrons,  eve.,  if  the  associated  inten¬ 
sities  are  low"  provided  that  : 

it  is  in  the  shadow  (no  photoemission,  Jph  =  0), 

it  is  thick  enough  to  stop  the  energetic  incoming 
electrons. 

figure  5  shows  the  range  energy  relation  for  electrons 
in  kapton  (Ref.  7),  Figure  6  from  Ref.  (8)  is  the  surface 
versus  potential  curve  versus  Energy  beam  in  the  case 
of  idealized  dielectrics  (Figure  6a)  and  in  the  caseof 
conductive  dielectrics  (Figure  6b). 


4.3.  Evidence  for  some  degree  of  conduction 

It  is  this  section's  purpose  to  illustrate  that  most 
dielectrics  always  exhibit  some  degree  of  conductivity. 
Plots  of  surface  potentials  against  energy  depart 
from  idealized  straight  lines  for  high  values  of  the 
potential.  It  is  clearly  the  consequence  of  an  increa¬ 
sing  leakage  current  existence. 


4.3.1.  DARK  CONDUCTIVITY 

Conductivity  of  kapton,  cerium  doped  glass,  pure 
silica  and  teflon  was  studied  at  the  laboratory  by  the 
"decreasing  surface  potential"  method  : 

First,  the  dielectric  is  charged  my  means  of 
electron  beam, 

then,  the  irradiation  is  stopped  while  continously 
monitoring  the  surface  potential. 


the  decreasing  surface  potential  is  then  ascribed 
to  the  leakage  current  of  the  dielectric  conside¬ 
red  as  a  capacitor  loaded  by  its  own  leakage 
resistance. 

An  elementary  treatment  leads  to  the  expression  of 
the  conductivity  : 

(1/p)  =  -e (dVs/dt ) /Vs 


Figure  5  -  Range  Energy  relation  for  electrons 
in  kapton  (Rtf.  7) 
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Figure  6  -  Charging  response  for  idealized  (a) 
and  conductive  dielectrics  (b)  (Ref.  8) 
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.  p  =  resistivity  in  (n.cm! 

.  e  -  permittivity  in  F.  cm 

.  Vs  =  Volts 

.  t  =  seconds 
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Ro  (Hem )  =  2 .5  x  10<7exp  (-0.073  Vm) 
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Figure  7  -  Voltage  dependent  resistivity  of  kapton 
cerium  doped  glass,  teflon  (in  dark) 


Figure  7  shows  the  resistivity  of  kapton,  cerium  doped 
glass  and  teflon  against  the  square  of  measured  Vs. 

The  interest  of  such  a  presentation  is  that  a  straight 
line  is  the  evidence  for  field-assisted  conductivity 
(Poole-Frenkel  effect). 


Dielectrics  in  space  exhibit  also  the  well  known 
radiation  induced  conductivity  phenomenon. (r.i  .c. ) 
Energetic  trapped  electrons  of  the  geosynchronous 
orbit  penetrate  completely  the  rather  thin  used  mate¬ 
rials.  They  create  the  r.i.e.  which  adds  to  the  dark 
conductivity. 

R.i.e.  can  be  even  much  higher  than  dark  conductivity. 
Again  the  decreasing  surface  potential  method  was 
used  to  study  the  r.i.e.:  the  sample  was  not  left  to 
discharge  by  "its  own  means"  :  it  was  exposed  to  the 
penetrating  electrons  of  a  beta  strontium  source, 
the  conductivity  was  found  to  be  very  sensitive  upon 
radiation  presence  for  kapton  and  pure  silica.  See 
Figure  8.  No  effect  was  found  for  cerium  doped  glass, 
but  cerium  doped  glass  is  intrinsically  already  rather 
conductive.  R.I.C.  was  not  studied  on  teflon. 
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Dielectrics  materials  are  not  ohmic  and  we  propose 
analytical  expression  for  kapton  and  cerium  doped 
glass  resistivities  as  a  function  of  the  applied 
potentials. 

The  general  expression  is  : 

o  -Co  exp  £-a(Vs*72)j 

with  (Vs  =  surface  potential  (in  volts) 

(co  and  a  are  dependent  on  the  material 

For  kapton  50  pm  (temperature  23°C)  : 
p(ti.cm)  =  1021  exp  (-0.139)  Vs172 

For  cerium  doped  glass  80  um  (temperature  23°C)  : 
p(n.cm)  =  2.5  1017  exp  (-0.073)  Vs1/2 


4.3.2.  E nvironment  induced  conductivity 

Conductivity  of  dielectric  materials  is  not  independent 
on  in-orbit  general  environment. 

It  has  been  shown  for  instance  that  the  kapton  samples 
of  the  SCATHA  experiments  SSPM  1  and  SSPM  2  became 
more  and  more  conductors  and  this  was  due  to  a  sun¬ 
light  photoconduction  effect  :  Ref.  (9). 

This  effect  was  also  illustrated  in  ground  tests  where 
conductivity  effects  on  sunlightened  kapton  was  studied. 


Figure  8  -  R.I.C.  evidence  in  Kapton  50  pm.  (Sr90 
1  curie  corresponds  to  tlO  rad/s  for  a  sample  to 
source  distance  =  8,8  cm). 


So,  it  is  obvious  that  most  dielectrics  in  space  will 
exhibit  a  certain  amount  of  conductivity  and  of  lea¬ 
kage  current  under  differential  voltage.  It  makes  sense 
to  compare  the  leakage  currents  magnitudes  with  res¬ 
pect  to  the  maximum  incident  election  currents  that 
are  to  be  met  in  orbit. 

Let  us  compute  the  leakage  current  value  assuming  a 
resistivity  p  =  lO^n.cm  and  a  differential  voltage 
aVs  =  1000  Volts  for  a  material  with  thickness  50  um. 

J1 (nA/cm2)  =  (1000)/(1015.50.10'4)  =  0,2  10'9 

This  leakage  current  is  quite  important  with  respect 
to  the  maximum  intensities  that  are  available  on  the 
orbit.  The  very  important  consequences  of  the  exis¬ 
tence  of  rather  large  leakage  dielectric  currents  ere 
the  following  : 

.  leakage  currents  act  to  limite  effective  diffe¬ 
rential  voltages:  the  thinner  the  dielectrics, 
the  lower  the  achieved  potentials. 

.  Worst  case  environment  will  be  the  occurrence  of 
the  maximum  available  currents  in  the  1  to  50  keV 
energy  range.  The  intensity  as  well  as  the  mean 
associated  energy  will  be  the  keys  of  the  most 
severe  charging. 
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This  worst  case  environment  is  to  be  found  in  the 
midnight  to  dawn  section  of  the  geosynchronous 
orbit  during  the  disturbed  periods  of  the  magne¬ 
tosphere. 

This  will  be  shown  in  the  following  section. 


5.  WHEN  AND  WHERE  WILL  "CONOUCTIVE"  AND  "PURE" 
DIELECTRICS  UNDERGO  THE  MOST  SEVERE  CHARGING  IN 
ORBIT 

5.1.  The  local  time  dependence  of  the  environment 
and  anomalies. 

Data  environment  have  been  gathered  in  space  by  elec¬ 
trons  and  ions  spectrometers  flown  on  the  ATS5,  ATS6, 
GEOS,  METEOSAT  and  SCATHA  satellites. 


These  spectra  are  in  good  agreement  with  each  other. 
The  discrepancy  on  the  SCATHA  mean  energy  distribu¬ 
tion  is  only  apparent  and  comes  from  the  enlarged 
energy  domain  analyzed  by  the  SCATHA  experiment. 

(up  to  500  keV ) . 

Figure  9  reveals  a  remarkable  characteristic  of  the 
electron  local  time  energy  and  intensity  distribution: 
the  higher  intensities  are  to  be  found  in  the  night- 
side  (midnight-to-dawn)  and  the  higher  energies  are 
to  be  found  in  the  day-side. 

Anti  correlation  exists  between  energies  and  intensi¬ 
ties  :  in  the  night-side  low  energies  {<  10  keV )  are 
associated  with  high  intensities  (0,1  nA/cm?)  and  in 
the  day-side  high  energies  (up  to  35  kelj)  are  asso¬ 
ciated  with  low  intensities  (0,08  nA/cm  ). 


5.  2  Day-side  worst  case  for  "pure  dielectrics 
in  the  shadow" 

Figure  9  is  suggestive  that  the  day-side  environment 
will  constitute  the  worst  case  environment  for  pure 
dielectrics  (if  they  do  exist  at  the  surface  of  the 
satellite).  Additional  conditions  to  propose  them 
as  good  candidates  for  being  sources  of  arcing  and 
anomalies  are  that  they  are  in  the  shadow,  thick 
enough  to  stop  the  incoming  electrons,  and  that  they 
do  effectively  arc  when  charged  by  the  environment. 
Another  condition  is  that  their  capacity  with  respect 
to  the  structure  should  be  very  low  (this  should  be 
the  case  for  thick  materials). 

We  have  tested  such  an  element  that  is  likely  to  be 
used  as  a  strut  to  ensure  mechanical  fixations  of 
thermal  shields. 


We  have  found  that  very  little  intensity  beam  was 
necessary  to  charge  it.  It  could  be  considered  as  a 
pure  capacitor,  a  piece  of  material  (fiber  glass 
material)  held  above  the  structure  of  the  satellite. 
See  Figure  10  for  the  test  results  and  details  of 
the  tested  elements.  The  value  of  the  leakage  current 
for  such  an  element  was  lower  than  5  pA/cm2.  The 
capacitor  value  was  less  than  5  pF/cm2. 

Figure  10  gives  the  surface  potential  achieved  during 
a  test  with  two  monoenergetic  beams  of  values 
El  =  A  keV  and  E2  «  2D  keV.  The  ratio  between  the  two 
associated  intensities  Ii  et  Ip  was  varied  during 
the  test  while  keeping  the  total  beam  11+12  cons¬ 
tant  =  0,1  nA/cm2.  The  result  was  a  variation  of  the 
mean  incoming  energy  and  an  increasing  surface  poten¬ 
tial  with  the  mean  energy. 

The  strut  was  covered  with  metallized  kapton  which 
was  found  to  exhibit  arcing  if  not  grounded. 

So,  in  the  author's  think,  there  is  at  least  one 
category  of  elements  for  which  day-side  environment 
constitute  the  worst  case,  we  could  call  them:  "pure 
thick  dielectrics  in  the  shadow".  The  proposition  is 


opened  for  further  evaluation. 


Figure  9  -  Local  time  variation  of  mean  electron 
energies  and  intensities  from  ATS  5/6  and  SCATHA 
in-flight  measurements  (Ref.  10) 

The  Figure  9  taken  from  Ref.  (10)  shows  the  average 
of  the  mean  energy  and  intensities  local  tine  varia¬ 
tions.  Thousands  of  spectra  collected  from  the  SCATHA; 
ATS5  and  ATS6  spectrometers  have  been  compiled  and 
averaged. 


5.3  Nigth-side  worst  case  for  "conductive 
dielectrics" 

The  night-side  environment  is  considered  since  the 
earliest  investigations  on  spacecraft  charging  as  a 
worst  environment. 
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Figure  10  -  Floating  surface  response  to  combined 
energy  irradiation  with  two  beams  :  mean  energy  is 
(E1  I,  +  Eglgl/d,  +  I2) 


The  paper  purpose  is  only  to  emphasize  that  this  fact 
is  connected  to  the  conductivity  properties  of  the 
used  materials.  Two  figures  from  the  literature  will 
be  proposed.  First  is  Figure  11  from  (Ref.  9)  that 
shows  the  differential  charging  distribution  of  the 
kapton  as  a  function  of  local  time.  Differential  char¬ 
ging  occurs  when  the  higher  intensities  are  available 
on  the  orbit  in  the  midnight-to-dawn  section. 
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Figure  11  -  One  hour  local  time  histograms  of  charging 
probabilities  for  the  near  geosynchronous  orbit 
(L  =  6.6  +  0.4  Re).  (Ref.  09) 
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Figure  12  -  one  hour  local  time  occurrences  of 
electron  fluxes  500  pA/cm2  and  anomalies  (Ref.  11) 


6.  CONCLUSION 


The  exposed  theory  is  an  attempt  to  a  unified  concep¬ 
tion  of  Spacecraft  charging  and  induced  anomalies. 

It  was  aimed  at  demonstrating  that  the  concept  of  worst 
case  experiment  coulH  be  dependent  on  material  proper¬ 
ties.  Discharges  in  the  day-side  of  the  geostionary 
orbit  had  never  been  thought  before  as  the  consequence 
of  locally  built,  higher  surface  potentials.  The  most 
widely  proposed  explanation  was  to  explain  there  dis¬ 
charges  as  the  result  of  internal  dielectric  charging 
by  penetrating  high  energy  electrons  through  shielding 
defects  due  to  thinner  skin. 

The  data  from  SCATHA  showing  that  maximum  average 
energy  occurred  in  the  day-side  section  make  pure 
dielectrics  (or  floating  structures  in  the  shadow)  good 
candidates  to  exhibit  locally  higher  potentials  than  in 
the  night-side. 

The  exposed  theory  is  very  simple.  It  postulates  that 
significant  potentials  on  conductive  dielectrics  will 
require  rather  high  incoming  electron  fluxes  that  are 
present  only  on  the  midnight-to-dawn  section  of  the 
orbit  (this  was  already  known).  Conversely,  pure 
dielectrics  or  floating  structures  will  present  their 
highest  possible  potential  in  the  noon  section  of  the 
orbit  where  maximum  electron  energies  are  encountered. 

How  a  given  satellite  behave,  where  and  when  does  it 
discharge  will  obviously  depend  on  how  it  is  made. 


The  second  is  Figure  12  from  Ref  (11).  It  shows  the 
local  time  anomalies  distribution  on-board  the 
MARECS-A  satellite.  It  shows  simultaneously  the  prob¬ 
ability  of  occurrences  of  intensities  higher  thar  a 
certain  value  (500  pA/cm?).  That  is  exactly  in  the 
paper  conception  a  case  of  "intensity  governed  poten¬ 
tial”.  The  similarity  between  Figures  11  and  12  is 
remarkable.  MARECS-A  outer  surface  was  mainly  Kapton 
(75  micrometers). 
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STATUS  OF  CRITICAL  ISSUES  IN  THE  AREA  OF  SPACECRAFT  CHARGING 

J.E.  Nanevicz  and  R.C.  Adamo 

SRI  International ,  Menlo  Park,  California  9402S,  U.S.A. 

Abstract  -  Over  the  past  decade,  a  aubatantlal  effort  haa  been  made  to  Increase  the  available  knowledge 
relating  to  the  causes  and  effecta  of  the  spacecraft  charging  phenomenon.  To  thla  end,  numerous 
theoretical  studies,  laboratory  tests,  computer  simulations,  aa  well  aa  limited  ln-orblt  measurements, 
have  been  performed. 

In  general,  the  phenomenon  of  spacecraft  charging  Involves  the  complex  space  environment  interacting 
with  a  structure  made  up  of  regions  of  metal  and  dielectric  materials  whose  electrostatic  properties  are 
not  generally  considered  in  spacecraft  design  and  fabrication.  The  charge  stored  by  tne  dielectrics  may, 
In  turn,  lead  to  electrical  discharges. 

Although  considerable  progress  has  been  made  in  the  three  technical  areas  mentioned  above: 

•  Environment  definition 

•  Interaction 

•  Discharge  characteristics, 

it  appears  that  certain  critical  questions  have  not  yet  been  adequately  answered,  particularly  In  the 
areas  of  Interaction  and  discharge  characteristics. 

This  paper  dlscusaes  several  of  these  questions,  the  reasons  for  their  importance,  and  possible 
approaches  to  their  resolution. 


I  -  INTRODUCTION 

Spacecraft  charging  occurs  when  the  exterior 
surfaces  of  a  satellite  Interact  with  the  orbital 
environment  and  become  electrically  charged.  The 
process  Is  of  great  Interest  to  satellite  builders 
and  operators  because  electrical  discharges  can 
result,  generating  electromagnetic  noise,  releasing 
contaminants,  and  causing  degradation  of  the 
Insulating  materials  from  which  the  discharges 
occur. 

Some  of  the  major  technical  considerations 
Important  to  spacecraft  charging  are  Illustrated  In 
Figure  1.  Firstly,  the  process  la  critically 
dependent  upon  the  presence  and  properties  of  the 
orbital  charged  particle  environment.  From  the 
scale  on  the  left  of  the  figure,  we  note  that  the 
ambient  particle  environment  Is  highly  general 
(l.e..  Independent  of  the  characteristics  or  even 
presence  of  a  satellite). 


In  the  next  step,  the  orbital  particles 
Interact  with  the  satellite  surfaces  to  produce 
electrical  charging  of  the  satellite  frame  and  of 
insulating  materials  on  the  surface.  (It  should  be 
noted  that  Insulating  materials  are  used  because  of 
their  sometime,  critical  thermo-optical  properties, 

so  that  the  designer  must  proceed  with  extreme 
caution  In  replacing  these  materials  or  modifying 
them  in  any  way.)  From  the  left  side  of  the  figure 
we  note  that,  since  the  material  properties  affect 
the  outcome  of  the  Interaction,  the  results  are 
somewhat  less  general,  although  they  should  be 
reasonably  applicable  to  all  satellites  using  the 
same  materials  In  similar  configurations. 

In  the  third  step,  electrical  discharges  occur 
producing  various  deleterious  effects  on  the 
satellite  and  its  systems.  From  the  left  side  of 
the  figure,  we  note  that  these  processes  are  even 
more  vehicle  specific.  The  occurrence  of 
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FIGURE  1  TECHNICAL  CONSIDERATIONS  IN  SPACECRAFT  CHARGING 


discharges  depends  not  only  upon  surface  material 
properties,  but  also  upon  details  of 
installation.  Coupling  of  noise  and  its  effects  on 
systems  depend  on  satellite  construction  details 
and  on  system  vulnerability  levels. 

In  the  fourth  area — the  development  of  fixes — 
consideration  must  be  given  to  all  of  the  specific 
features  of  the  satellite  in  question  including: 
materials,  construction  techniques,  and  basic 
system  susceptibility.  Thus,  at  the  left  side  of 
the  figure  we  note  that  this  technical  area  is 
highly  vehicle  specific. 

II  -  STUDIES  OF  THE  SPACECRAFT  CHARGING  PROBLEM 
A.  Experimental  Studies 

As  indicated  in  Figure  2,  spacecraft  charging 
to  large  potentials  was  first  reported  by  DeForest 
in  1972  i  and  the  resulting  discharging  was 

detected  on  an  orbiting  satellite  by  Nanevicz, 

2 

Adamo  and  Shaw  in  1973  .  Since  that  time,  however, 
the  study  of  the  charging  processes  Involved  and 
their  effects  has  proceeded  in  a  random  and  uneven 
manner.  Much  of  the  reason  for  the  lack  of 
continuity  and  balance  in  the  study  of  spacecraft 
charging  stems  from  the  fact  that  experiments  on 
synchronous-orbit  satellites  are  substantially  more 
difficult  than  are  laboratory  experiments.  Thus, 
since  the  orbital  experiments  of  Ref  2,  only  the 
P78-2  (SCATHA)  satellite^  has  been  Instrumented 
specifically  for  the  in-orbit  study  of  spacecraft 
charging.  In  the  interim,  experimental  activity 

has  focused  on  the  conduct  of  laboratory 
4  S 

experiments  ’  ,and  on  the  development  of  Improved 
simulation  techniques^1 


*  References  are  listed  at  the  end  of  the  paper. 


A  further  reason  for  the  uneven  development  of 
a  more  complete  understanding  of  spacecraft 
charging  is  that,  as  shown  in  Figure  3,  the  overall 
problem  has  several  facets  that  may  very 
legitimately  be  studied  independently.  The 
principal  technical  areas  of  significance  in 
spacecraft  charging  and  their  roles  may  be 
summarized  as  follows: 

1.  Environment 

A  description  of  the  particle  types  and  their 
energies  present  during  a  substorm  is  Important 
strictly  on  a  scientific  basis  and  because  it 
provides  insight  into  what  may  be  required  to 
properly  simulate  the  space  envrionment  In  the 
laboratory. 

2 .  Interaction  of  Environment  with  Satellite 
Materials 

Proven  techniques  to  account  for  and  quantify 
the  electrical  behavior  of  aggregates  of  conducting 
and  Insulating  materials  during  a  magnetic  aubstorm 
are  important  in  predicting  available  stored 
energies  and  behavior  of  specific  materials. 

3 .  Characteristics  of  Discharges  Resulting 

from  Spacecraft  Charging 

The  characteristics  of  the  discharges  produced 
on  spacecraft  materials  are  important  in  several 
regards.  Knowing  which  materials  are  responsible 
and  understanding  their  electromagnetic 
characteristics  allows  the  designer  to  choose 
between  several  alternativea  such  as: 

•  Avoiding  their  use 

•  Controlling  their  placement 
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1972 

1973 


BEGINNING  1973 


1979 


TODAY 


»  ATS  5  SATELLITE --DE  EORtST 

—  DEMONSTRATED  SATELLITES  CAN  CHARGE  TO  HIGH  POTENTIALS 

•  NON-NASA  SYNCHRONOUS  ORBIT  SATELLITE  -  -  NANE'.'ICZ,  ADAMO,  SHAW 

—  demonstrated  occurrence  of  DISCHARGES  DURING  S'JBSTORMS 
—  Showed  discharges  correlated  with  operational  anomalies 

•  LABORATORY  AND  ANALYSIS -  - MANY  WORKERS 

—  SIMULATORS  ASSEMBLED  AND  USED  FOR  EXPERIMENTS 
--  CHARGE  DEPOSITION  IN  MATERIALS 
--  DISCHARGE  CHARACTER, ZATION 

—  ANALYSES  MAOE  OF  CHARGE  DEPOSITION  AND  DISCHARGE  TRIGGERING 
--  NASCAP  CODE 

•  SCATHA  SATELLITE  PROGR  AM  -  -  MANY  EXPERIMENTERS 

—  SUBSTANTIAL  STRESS  ON  DEFINING  SPACE  ENVIRONMENT 

—  generated  data  on  charge  deposition 

—  LIMITED  DATA  ON  DISCHARGE  SOURCE  CHARACTERISTICS 

•  NEEDS  (EXISTING  VOIDSI 

—  INFORMATION  FOR  ENGINEERS  AND  DESIGNERS 
--  DISCHARGE  CHARACTERISTICS 
--  MATERIAL  BEHAVIOR  IN  SPACE 
--  ADEOUACY  OF  SIMULATION  TECHNIQUES 

FIGURE  2  HISTORY  OF  SPACECRAFT  CHARGING  STUDIES 


«  Electromagnet lcally  hardening  the  satellite 
to  render  It  Immune  to  the  effects  of  the 
dlarharges. 

In  addition,  Information  on  the  properties  of  the 
discharges  occurring  In  apace  la  essential  to  the 
development  and  validation  of  schemes  for  the 
simulation  of  spacecraft  charging  In  the 
laboratory,  and  for  the  development  of  standards 
and  specifications. 

4 .  Coupling  to  Systems 

The  design  engineer  needs  to  know  how 
electromagnetic  pulses  generated  by  discharges  on 
the  outside  of  the  vehicle  excite  the  structure  and 
ccuple  to  the  satellite  wiring  system  on  the 
Interior.  Although,  strictly  speaking,  the 
electromagnetic  coupling  Is  not  caused  by 
spacecraft  charging,  the  way  the  vehicle  Is  excited 


and  coupling  occurs  Is  very  sensitive  to  the 
location  and  character  of  the  dlachargea. 

5.  Systems  Affected 

The  susceptibility  of  satellite  electronic 
systems  to  the  pulse  Interference  stemming  from 
spacecraft  charging  Is  of  Importance  to  the 
designer  in  devising  schemes  for  assuring  system 
immunity.  Here  again,  although  susceptibility 
cannot  be  attributed  to  spacecraft  charging,  the 
degree  of  susceptibility  of  systems  is  affected  by 
the  properties  of  the  signal  radiated  by  the 
discharge. 

B.  Degree  of  Understanding  of  the  Technical  Areas 

i\&  was  mentioned  earlier,  progress  in  the 
various  technical  areas  comprising  spacecraft 
charging  has  been  uneven.  The  various  facets  of 
the  problem  pose  varying  degrees  of  difficulty  In 


TECHNICAL  ASPECTS  OF  PROBLEM 


•  PURE  SCIENCE  •  SCIENCE /ENGINEET  .NG  •  ENGINEERING/SCIER'-  •  PURE  ENGINEERING  •  PURE  ENGINEERING 

•  general  •  material-specific  •  material/design-  •  oesign-specific  •  oesign-specific 

SPECIFIC 


FIGURE  3  PERSPECTIVES  ON  SATELLITE  CHARGING  PROBLEM 
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their  study.  Also,  developments  In  the 
understanding  of  one  area  (such  as  interaction 
processes)  must  wait  for  the  prior  work  in  another 
(such  as  definition  of  the  basic  charging 
processes).  Thus,  as  indicated  graphically  in  the 
lower  part  of  Figure  3,  the  several  technical  areas 
have  developed  generally  as  follows: 

1 .  Environment 

The  study  of  this  area  is  very  fundamental  in 
that  it  Involves  carrying  sensors  designed  to 
sample  the  environment  at  the  orbits  of  Interest. 
Care  must  be  taken  to  assure  proper  calibration  of 
the  sensors  and  to  avoid  data  contamination  by  the 
presence  of  the  satellite  and  its  sensors. 

Adequate  Instruments  have  been  orbited  for 
sufficient  time  to  provide  substantial  insight  into 
the  properties  of  the  environment.  In  general, 
this  facet  of  the  spacecraft  charging  problem  is 
most  completely  defined. 

2.  Interaction 

This  area  is  more  material-  and  design- 
specific  since  it  Involves  material  properties  as 
well  as  the  characteristics  of  the  environment. 

The  problem  has  been  studied  in  the  laboratory — 

o 

beginning  with  the  studies  of  Adamo  and  Nanevicz 

a 

and  continued  by  Stevens  and  Purvis  and  many 
others.  Analytical  studies  were  carried  out  by 
Katz  et  al1*1  culminating  in  the  NASCAP  cede  for 
predicting  charge  accumulation  on  various  satellite 
surfaces.  Unfortunately,  orbital  experiments  to 
verify  the  validity  of  the  laboratory  work  and 
analyses  have  been  very  few.  Data  from  the  SCATHA 
satellite  reported  by  Hizera  et  al11  verified  the 
general  behavior  obaerved  in  the  laboratory  studies 

B 

with  modulated  illumination.  Laboratory  work  by 
Adamo  and  Nanevicz12  indicating  that  Kapton  should 
become  progressively  sore  conduct Ing— and  less  able 
to  store  large— with  exposure  to  sunlight  in  orbit 
has  been  verified  by  experiments  on  SCATHA  as 
reported  by  Vampola.1^  The  SCATHA  satellite 
carried  provisions  for  the  study  of  the  charging 
behavior  of  a  carefully  selected  set  of  material 
samples.  Doing  more  extensive  material  studies  on 
a  single  satellite  would  probably  be  out  of  the 
question.  In  general,  making  an  effort  to  enlarge 
the  material  sample  base,  and  to  refine  the 
measurement  scheme  would  be  worthwhile  If  launch 


opportunities  present  themselves.  Experiments 
should  be  designed  to  answer  questions  raised  in 
connection  with  the  application  of  NASCAF  and  in 
connection  with  normal  satellite  operation. 

3.  Discharge  Characteristics 

This  problem  is  substantially  more  difficult 
and  less  well  understood  since  it  presupposes  an 
understanding  of  both  the  environment  and  of  the 
way  it  deposits  charge  in  satellite  materials. 

Given  that  sufficient  charge  is  stored  in  a 
material,  a  discharge  is  triggered  at  a  unique 
place  in  the  material.  The  discharge  taps  the 
stored  charge  causing  currents  to  flow  and 
generating  plasmas  which  combine  to  produce  an 
electromagnetic  pulse. 

The  properties  of  these  pulses  were  first 
1A 

studied  by  Nanevicz  and  Adamo  in  connection  with 
the  development  of  instrumentation  for  the 
satellite  measurement  program  described  in  Ref  2. 
Later  they  studied  the  electromagnetic  signals 
generated  by  discharges  in  a  special 
"electromagnetlcally  clean”  setup  in  the 
laboratory.^ 

The  instrumentation  on  the  P78-2  SCATHA 
satellite  Included  provisions  for  periodically 
measuring  the  transient  pulse  .signals  Induced  in  a 
short  dipole  antenu  at  the  end  of  a  2-meter-long 
boom  on  the  exterior  of  the  satellite.^  The 
sophisticated  instrumentation  used  for  this 
measurement  precluded  its  dedication  solely  to  the 
study  o!  external  fields.  As  a  result,  the 
instrumentation  spent  three-quarters  of  its 
available  time  monitoring  signals  existing  at  three 
points  on  the  Interior  of  the  satellite. 

The  location  of  the  external-transient  sensor 
antenna  at  the  end  of  a  boom  on  P78-2  SCATHA  was 
unfortunate  since  it  violated  the  fundamental 
sensor  size  requirements  for  transient  signal 
study,  l.e.,  that  the  'sensor'  must  be  sufficiently 
small  that  antenna  ringing  occurs  at  frequencies 
above  the  range  of  interest.1^  Thus,  the  exterior 
discharge  data  from  SCATHA  are  complicated  by  the 
presence  of  antenns/doom  ringing. 

Since  P78-2  SCATHA  carried  only  one  sensor  to 
measure  the  exterior  transient  electromagnetic 
environment.  It  Is  not  posrlble  to  determine  where 
on  the  exterior  of  the  satellite  a  discharge 
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occurred.  This  lack  of  Information  about  discharge 
source  locations  also  makes  It  Impossible  to  Infer 
absolute  discharge  source  strength  from  the  data. 

Finally,  It  must  be  recognized  that  P78-2 
SCATHA  Is  only  a  single  satellite  made  using  the 
(materials  and  fabrication  processes  selected  by  the 
builder.  Since  the  charge  storage  and  discharge 
processes  are  both  material  specific  and  since  the 
triggering  of  discharges  Is  highly  dependent  on  the 
mechanical  arrangement,  the  discharging  behavior 
observed  on  this  satellite  may  differ  substantially 
from  what  would  have  been  observed  had  SCATHA  been 
assembled  by  another  contractor.  Thus,,  there  are 
major  uncertainties  remaining  In  our  ability  to 
describe  the  discharging  behavior  of  satellites  In 
general. 

4 .  Coupling  to  Systems 

The  problem  of  coupling  transient 
electromagnetic  pulses  Into  systems  Is  not  unique 
to  spacecraft  charging.  Problems  of  this  sort 
arise  In  connection  with  the  assessment  of  system 
vulnerability  to  lightning  and  the  nuclear  EMP,  and 
a  great  deal  of  work  has  gone  into  the  study  of 
these  problems.  In  general.  It  la  found  that 
coupling  Is  critically  dependent  on  the  design 
details  of  the  system  In  question — design  of 
shields,  penetration  treatments,  aperture 
treatments  etc. — as  well  as  upon  the  physical 
location  and  electromagnetic  properties  of  the 
source.  For  example  low  frequencies  penetrate  a 
system  most  readily  along  penetrating  electrical 
conductors,  while  high  frequencies  can  propagate 
easily  through  apertures  In  the  shield  structure. 

Thus,  although  many  of  the  experimental  and 
analytical  tools  for  the  determination  of  discharge 
coupling  to  systems  are  available  In  principle, 
progress  In  this  area  la  being  held  back  by  the 
lack  of  orbltally  confirmed  Information  on  the 
electromagnetic  properties  of  spacecraft  discharges 
and  on  their  probable  locations  on  satellites. 

Such  Information  la  needed  for  Inclusion  In  the 
standards  and  apsclf lcatlons  applied  during  the 
evolution  of  a  satellite.  The  same  aort  of 
Information  la  needed  to  guide  the  dsvelopment  and 
application  of  pulss  simulation  sources  for  ground 
teatlng  of  satellites  and  their  subsystems. 


5.  Affected  Systems 

This  facet  of  the  spacecraft  charging  problem 
also  is  not  unique.  In  general,  electronic  systems 
must  be  designed  to  function  In  an  environment 
Including  electromagnetic  interference  sources. 
Specifications  are  levied  on  the  designers  of  the 
satellite  system  (e.g.  MIL  STD  1541)  and  Its 
subsystems  (e.g.  MIL  STD  461/462)  in  an  effort  to 
assure  that  they  will  not  be  adversely  affected  by 
the  operational  environment.  Care  must  be 
exercised  to  assure  that  these  specifications  are 
as  representative  as  possible  of  the  actual 
environment  In  order  that  the  systems  not  be  either 
overdesigned  or  underdesigned. 

In  this  regard,  It  Is  Important  to  recognize 
that  modern  spacecraft  electronic  systems  depend  to 
a  great  extent  on  digital  components,  and,  as  a 
consequence,  are  particularly  vulnerable  to  pulsed 
Interference  of  the  sort  generated  by  the 
electrical  discharges  associated  with  spacecraft 
charging.  Accordingly,  designers  require  accurate 
information  regarding  the  characteristics  of  the 
pulse  signals  they  can  expect  on  their  systems  as  a 
consequence  of  spacecraft  charging.  The  problem  of 
system  upset  and  damage  by  transient  pulses  Is 
currently  receiving  a  great  deal  of  attention  by 
the  lightning  and  nuclear  EMP  communities.  Thus, 
many  of  the  tools  and  concepts  needed  to  attack 
this  facet  of  the  problem  are  available.  The 
principal  need  at  this  time  Is  accurate  Information 
about  the  characterlsltlcs  of  the  electromagnetic 
threat  caused  by  spacecraft  charging. 

III-THE  INTERFERENCE  CONTROL  PROBLEM 

The  general  Interference  control  problem  la 
shown  In  Figure  4.  A  source  of  electromagnetic 
interference  exists,  and  Interacts  with  a  victim 
system  vis  one  or  more  coupling  paths.  The  degree 
to  which  the  designer  must  be  concerned  with  this 
problem  depends  upon  the  strength  of  the  source, 
the  susceptibility  of  the  victim  end  the  charscter 
of  the  coupling  path. 


THREE  MOSLEM  ELEMENTS 


FIGURE  4  ENGINEERING  VIEW  OF  INTERFERENCE  CONTROL  PROBLEM 
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TYPICAL  OPTIONS: 

ELIMINATE  SOURCE 

REDUCE  COUPLING 

HARDEN  VICTIM 

—  NEW  MATERIALS 

—  shielding 

—  PIN  TREATMENT 

—  MODIFIED  SURFACES 

—  CONTROL  OF 

ELECTROMAGNETIC 

—  BOX  SHIELDING 

—  MODIFIED  CONFIGURATIONS 

PENETRATIONS 

—  CIRCUIT  TREATMENT 

—  ELECTRICAL  BONDING 

—  CLOSURE  OF  GAPS 

IN  SKIN 

—  APERTURE  TREATMENTS 

—  ERROR  CORRECTION 
TECHNIQUES 

FIGURE  5  CONSIDERATIONS  IN  DEVELOPING  FIXES 


Since  the  severity  of  the  overall  problem 
depends  upon  the  properties  of  the  three  principal 
elements  it  follows  that  the  problem  of  assuring 
immunity  can  be  attacked,  at  any  one  or  all  of  the 
elements,  by  striving  to: 

•  eliminate  the  source 

•  control  the  coupling 

•  harden  the  victim. 

In  general,  a  properly  engineered  solution  requires 
information  on  each  of  the  major  elements.  In 
particular,  the  properties  of  the  source  are  highly 
critical  since  they  establish  the  levels  and 
frequency  characteristics  which  must  be  considered 
in  the  design. 

A  list  of  some  of  the  options  one  can  consider 
in  devising  schemes  to  assure  system  immunity  to 
ipacecraft  charging  is  shown  in  Figure  5.  In 
general,  it  is  prudent  to  consider  ail  of  the 
possible  options  in  evolving  a  design. 

1.  Source  Elimination 

First,  the  designer  can  strive  to  eliminate 
the  discharge  source  through  various  approaches. 

For  example,  he  can  attempt  to  prevent  charge 
storage  in  the  dielectrics  on  the  exterior  of  the 
satellite.  This  can  be  accomplished  by  increasing 
the  conductivity  of  the  bulk  materlsl  or  by 
applying  optlcally-transparent ,  electrically- 
conductlve  films  on  the  outside  surface.  Since 
modifying  the  material  in  any  way  is  likely  to 
affect  its  thermo-optical  properties,  these 
modifications  must  be  restricted  to  the  minimum 
possible  extent  consistent  with  achieving  the 
desired  goal.  This,  in  turn,  implies  that 


laboratory  charging  simulators  must  be  available 
that  are  capable  of  duplicating  the  critical  facets 
of  the  orbital  environment  with  adequate  fidelity 
to  ensure  that  the  desired  system  behavior  will  be 
ultimately  obtained  in  space.  (In  fact,  we  must 
first  determine  which  features  of  the  environment 
it  is  important  to  duplicate.) 

Alternatively,  the  designer  may  choose  to 
permit  charge  accumulation,  but  to  install  the 
dielectrics  in  such  a  way  as  to  inhibit  the 
occutrence  of  discharges.  For  example,  in 
laboratory  experiments,  discharges  generally 
initiate  at  the  edges  of  materials,  and  it  is  often 
found  that  surrounding  the  dielectric  with  a  metal 
frame  witn  rounded  edges  tends  to  Inhibit 
discharges.  Again,  to  test  this  scheme  it  is 
necessary  tc  have  available  an  adequate  laboratory 
charging  simulator.  (We  must  know  that  behavior  in 
the  simulator  duplicates  behavior  in  orbit.) 

Finally,  the  designer  must  ensure  that  all 
electrically-conducting  elements  of  the  satellite 
are  electrically  bonded  to  each  other.  This 
includes  parts  cf  the  thermal  control  materials 
such  as  the  layers  of  thermal  blankets.  If  the 
satellite  Includes  unbonded  conductors,  they  can 
charge  to  potentials  different  from  their 
surrounding  elements  leading  to  sparking  between 
adjacent  conductors.  The  measures  taken  to  ensure 
bonding  are  sufficiently  gross  that  relatively 
unsophisticated  simulation  and  testing  techniques 
may  be  used  to  verify  their  adequacy. 

2.  Coupling  Control 

As  was  indicated  earlier,  the  designer  may 
choose  to  apply  electromagnetic  coupling  control 
techniques  to  achieve  Immunity  to  spacecraft 
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charging.  In  general,  even  if  other  techniques, 
(such  as  source  elimination,)  are  also  pursued,  it 
is  useful  to  pay  attention  to  coupling  control 
because  many  of  the  major  interference  distributors 
(such  as  ground  wires  penetrating  shields)  can  be 
treated  for  virtually  zero  cost. 

Modern  approaches  to  transient  Interference 
control  have  been  described  by  Vance, ^  and  can  be 
applied  to  satellites.  Conceptually,  the  modern 
approach  consists  of  establishing  one  or  more 
clooed  electromagnetic  barriers  between  the  source 
and  the  victim.  Each  barrier  consists  of  a 
topologically  closed  metallic  shield  with  special 
treatments  at  all  of  the  Imperfections  such  as 
penetrating  wires,  joints,  and  openings. 
Essentially,  the  designer  needs  to  assure  himself 
that  he  has  taken  every  reasonable  step  to  "close" 
the  barrier. 

Some  of  the  barrier  violations  such  as 
penetrating  ground  conductors  can  be  treated  by 
simple  expedients  at  virtually  no  cost.  Others, 
such  as  the  Installation  of  filters  or  limiters  on 
penetrating  power  conductors,  impose  penalties 
including  cost,  weight,  space,  and — perhaps  most 
Important — decreased  reliability  or  the  potential 
for  a  single-point  failure.  Thus  the  designer  is 
faced  with  the  need  to  apportion  his  efforts  at 
coupling  control  intelligently.  He  needs  to  know 
where  on  the  satellite  the  discharge  sources  are 
likely  to  occur,  and  he  must  be  able  to  define 
their  electromagnetic  properties  in  order  that  he 
neither  overdesign  nor  underdesign  the  coupling 
control  system. 

3.  Victim  Hardening 

Finally,  it  is  possible  to  take  steps  to  make 
the  victim  circuits  more  Immune  to  the  transient 
electromagnetic  environment.  One  approach  is  to 
establish  a  small  electromagnetic  barrier  at  the 
subsystem  box  level.  Metal  boxes  are  used  to 
establish  the  barrier  topology,  pin  treatments 
(filters  and  limiters)  may  be  installed  on 
penetrating  conductors,  or  shields  may  be  used  on 
Interconnecting  cabling.  In  addition,  basic 
circuit  design  may  be  reviewed  and  modified  to 
eliminate  particularly  susceptible  circuits. 
Software  changes  can  be  used  to  incorporate  error 
correction  techniques.  In  general,  consideration 


must  be  given  to  basic  system  hardness  as  satellite 
design  progresses,  but  often  it  is  difficult  to 
make  major  changes  in  system  hardness  at  this 
level.  Many  units  are  affected,  and  the 
ramifications  of  any  change  must  always  be 
carefully  reviewed. 

Since  satellite  electronic  systems  are  built 
to  function  in  a  specified  electromagnetic 
environment,  the  satellite  deslgner/bullder  needs 
to  be  able  to  specify  this  anticipated  environment 
with  substantial  accuracy  In  order  that  he  provide 
the  subsystem  contracter  with  reasonable 
specifications.  The  environment  on  the  Inside  of 
the  satellite  is  determined  by  the  characteristics 
of  the  discharge  source  and  the  coupling  paths. 
Although  analytical  and  experimental  techniques 
exist  to  estimate  this  environment,  it  would  be 
highly  profitable  to  make  provisions  on  orbiting 
satellites  to  define  this  interior  electromagnetic 
environment,  and  to  compare  it  to  the  discharge 
properties.  Such  orbital  data  would  provide  a 
check  on  our  ability  to  predict  satellite 
electromagnetic  behavior.  Measurements  on  Internal 
circuits  would  also  provide  valuable  information  on 
ambient  noise  levels  in  typical  satellites. 

Very  little  orbital  information  of  this  sort 
exists  today.  Satellites  do  not  ordinarily  carry 
instruments  to  characterize  the  electromagnetic 
environment.  Even  on  SCATHA  it  was  difficult  to 
correlate  Internal  noise  pulses  with  externa) 
discharges . 

IV-ORBITAL  DATA  REQUIREMENTS 

A a  was  indicated  earlier  in  connection  with 
the  discussion  of  Figure  3  in  Section  IIB,  the 
engineering  aspects  of  the  spacecraft  charging 
problem  could  benefit  from  additional  orbital 
data.  In  particular,  it  appears  that  great  benefit 
would  accrue  from  data  in  three  basic  areas: 

1.  Identification  of  Materials  Displaying 
Susceptibility  in  Orbit 

This  information  would  slert  designers  of 
particularly  susceptible  materials,  and  would 
define  likely  discharge  locations  on  satellites 
using  the  same  materials.  Localisation  of 
dishcarge  sources  coupled  with  measurements  of 
pulse  amplitude  at  a  known  location  on  the  exterior 
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of  a  satellite  allows  the  absolute  source  Intensity 

1  C 

to  be  estimated.* 

Identification  of  susceptible  materials 
together  with  the  definition  of  absolute  source 
Intensity  would  serve  to  prioritize  the  development 
of  noise  coupling  controls  or  the  replacement  of 
materials. 


uantlfy  Discharge  Characteristics  In 


This  Information  Is  essential  for  the 
definition  of  the  noise  source  to  be  used  In  system 
vulnerability  assessments,  either  analytical  or 
experimental.  Orbital  discharge  source 
characteristics  are  needed  to  guide  the  development 
of  ground  testing  techniques — In  particular,  the 
development  of  discharge  simulators.  This  same 
Information  Is  slso  needed  to  update  the  standards 
snd  specif lclatlons  used  In  the  development  of 
satellites . 


Note;  A  comparison  of  the  data  of  Items  1 
and  2  with  the  results  of  laboratory  simulations 
serves  to  provide  a  number  of  Important  Insights. 
First,  It  helps  to  define  the  fidelity  required  In 
ground  simulations.  The  orbital  environment  Is 
complex,  and  It  Is  very  costly  to  duplicate  all 
featurea  of  that  environment.  Second,  such 
comparisons  are  needed  to  develop  assurance  that 
laboratory  simulations  adequately  duplicate  orbital 
behavior.  Third,  such  Information  would  be 
valuable  In  determining  areas  In  which  ground 
simulations  must  be  Improved. 


3.  Characterise  Internal  Noise  Pulse 


Environments  on  Typical  Satellites 


This  Information  Is  useful  It  istabllshlng  the 
"noise-floor*  levels  typically  found  In  satellites 
as  the  result  of  satellite  system  operations  such 
as  power  switching.  (It  doesn't  make  sense  to 
strive  to  reduce  externally-generated  noise 
appreciably  below  this  level.) 


Information  on  the  lsvsl  and  character  of 
noise  coupled  from  known  sxtsrnal  sourcss  would  be 
extremely  valuable  In  permitting  an  assessment  of 
our  sblllty  to  predict  the  coupling  of  signals  from 
the  exterior.  This  Is  a  complex  process  Involving 
sstellta  resonances,  aperture/penetrstor  coupling 
(which  acts  as  a  filter),  and  finally  wiring 


resonances,  so  that  the  pulse  Is  greatly  modified 
in  coupling  to  the  Interior — both  in  amplitude  and 
in  form.  Orbital  confirmation  of  the  ac-uracy  of 
available  prediction  techniques  la  badly  needed. 

V  -  ORBITAL  MEASUREMENTS 

In  considering  possible  approaches  to 
obtaining  orbital  engineering  lata.  It  Is  important 
to  bear  in  mind  that  the  measurement  system  will 
undoubtedly  have  to  be  carried  at  the  last  minute 
on  a  "piggy  back"  basis  on  operstional 
satellites.  Accordingly,  botn  the  electronics  and 
the  sensors  required  should  be  small,  simple, 
reliable,  flexible,  and  require  little  power  and 
little  telemetry. 

An  approach  based  on  the  SRI  Transient  Pulse 
Monitor  flown  on  the  SCATHA  satellite5  Is  shown  In 
Figure  6.  Provisions  are  made  to  characterize 
pulses  both  on  the  Inside  and  on  the  outside  of  the 
satellite.  The  external  measurements  are  made  at 
several  locations  to  permit  source  localization  of 
the  sort  described  In  Ref.  IS.  (A  system  to 
accomplish  discharge  localization  on  a  satellite  In 
orbit  is  presently  being  developed  by  Talllet  and 
Boulay  at  ONERA  In  Paris.55.)  Thus,  the  system  will 
provide  Information  on  the  relative  susceptibility 
of  different  satellite  materials.  Since  the  source 
Is  localized  and  Its  properties  are  measured  at 
several  known  positions  on  the  surface  of  the 
satellite,  a  first  order  quantification  c;  n 

of  absolute  source  characteristics. 

Various  Internal  measurements  can  made  to 
obtain  data  of  varying  degrees  of  y.<  Ity.  If  a 
system  Is  known  to  be  susceptible  In  orbit,  a 
sensor  can  be  arranged  to  monitor  this  specific 
system  "sensitive  box."  Other  sensors  can  be  used 
to  monitor  parameters  of  more  general  Interest. 

For  example,  one  or  more  can  be  arranged  to  record 
data  useful  In  assessing  our  prediction 
capabilities . 

The  system  of  Figure  6  can  be  simplified  to 
Incorporate  the  barest  minimum  number  of  sensors 
monitored,  and  parameters  measured,  for  use  as  a 
housekeeping  monitor  to  be  routinely  carried  on 
satellites.  Currently,  there  are  sufficient 
uncertainties  about  many  facets  of  spacecraft 
charging  that  carrying  such  monitors  in  the 
Immediate  future  would  be  highly  useful  In 
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resolving.  Now,  when  a  satellite  experiences 
anomalies,  the  Investigating  team  Is  forced  to  use 
second  and  third  level  Inferences  regarding  the 
possibility  of  spacecraft  charging.  Many  Important 
decisions  are  made  on  the  basis  of  such  Incomplete 
data.  Presently,  many  satellite  operating  agencies 
depend  on  ground  commanded  circumventions  to  avoid 
possible  operational  problems  stemming  from 
spacecraft  charging.  Developing  a  network  to 
permit  operators  to  alert  oue  another  of  the 
occurrence  of  substorms  and  spacecraft  charging 
would  therefore  be  extremely  useful. 

VI-SUMMARY  &  CONCLUSIONS 

Based  upon  the  above  discussions,  It  appears 
that  a  key  requirement  for  Improving  the  overall 


effectiveness  of  presently  available  spacecraft¬ 
charging  control  techniques  Is  to  obtain  a  better 
understanding  of  the  actual  ln-orblt  discharge 
process  and  Its  characteristics.  This  Information 
Is  crltlcaly  needed  to  Improve  ground-test 
techniques  and  facilities  and  to  allow  more 
meaningful  noise  coupling  and  circuit 
susceptibility  analyses  and  design  Improvements. 

This  Information  could  most  reliably  and 
accurately  be  obtained  by  taking  advantage  of 
payload  opportunities,  to  the  greatest  extent 
possible,  to  Incorporate  appropriate,  properly- 
design*!  discharge  detection  and  characterization 
Instrumentation  on  present  and  future  spacecraft 
programs. 
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SPACECRAFT  MATERIALS  TEST  IN  A  CONTINUOUS/  BROAD  ENERGY-SPECTRUM  ELECTRON  BEAM* 

M.  Blez,  J.  Thayer  and  J.E.  Nanevicz 

SRI  International ,  Z3S  Ravenswood  Avenue,  Menlo  Park ,  California  94025,  U.S.A. 

Abstract  -  The  electrostatic  charging  and  subsequent  discharging  of  external  spacecraft  thermal-control 
materials  Is  a  result  of  complex  interactions  with  the  temporally  and  spatially  varying  ambient  space 
environment.  The  validity  of  laboratory  studies  of  these  interactions  may  be  highly  dependent  upon  how 
well  the  Important  features  of  that  environment  are  simulated. 

In  the  past,  various  practical  limitations  have  caused  most  simulation  experiments  to  be  conducted 
using  a  constant,  monoenergetic  electron  beam  to  simulate  the  charging  processes  occurring  In  space 
during  a  magnetic  aubstorm.  During  the  past  year,  the  confluence  of  several  events  provided  an 
opportunity  to  conduct  laboratory  experlmenta  under  more  realistic  conditions:  The  development  of  the 
SRI  multienergy  multlpactor  electron  gun  was  completed,  diagnostic  instrumentation  was  on  hand,  and  one 
of  the  authors  (Blez)  was  available  for  a  period  of  8  months  as  an  SRI  International  Fellow  to  conduct 
the  experiments. 

This  paper  describes  some  of  the  observed  similarities  and  differences  In  the  behavior  of  several 
typical  spacecraft  thermal  control  materials  when  exposed  to  a  mono-energetic  electron  beam  and  to  a  more 
realistic  continuous  broad  energy-spectrum  electron  beam. 


I  -  INTRODUCTION 

As  Indicated  In  a  companion  paper,  the  various 
disciplines  given  the  collective  title  of 
"Spacecraft  Charging"  have  evolved  In  an  uneven 
way.1  As  a  result,  the  understanding  of  Important 
Issues  In  a  number  of  areas  Is  substantially 
deficient.  The  measurement  program  discussed  here 
wss  undertaken  to  provide  Insight  Into  one  facet  of 
the  spacecraft  charging  problem.  This  program 
became  possible  as  the  result  of  the  fortuitous 
confluence  of  several  events:  The  development  of  a 
multlenergy  electron  gun  at  SRI,  and  the  presence 
of  one  of  the  authors,  Blez,  as  an  SRI 
International  Research  Fellow  for  most  of  1984. 

The  choice  of  topic  for  this  Investigation 
stemmed  from  the  observation  that  the  electrostatic 
charging  and  subsequent  discharging  of  external 
thermal-control  materials  on  spacecraft  Is  a  result 
of  complex  Interactions  of  these  materials  with  the 
temporally  and  spatially  varying  ambient  space 
environment. As  a  result,  the  validity  of 
laboratory  studies  of  these  Interactions  may  depend 
highly  upon  how  well  the  important  features  of  that 
environment  are  simulated. 


To  date,  many  Independent  laboratory  studies 
of  the  charging  and  discharging  properties  of 
spacecraft  materials  have  been  performed  using 
monoenergetic  electron  sources  (Initially  such 
sources  were  used  because  they  were  the  only  ones 
readily  available).  Although  a  great  deal  has  been 
learned  from  these  studies,  a  disturbing  number  of 
discrepancies  remain  between  the  test  results  and 
actual  in-orbit  observations  of  spacecraft  charging 
and  discharging.  For  example,  SRI  discharge- 
detection  Instrumentation  on  a  non-NASA 
geosynchronous  satellite  during  1974^  Indicated 
that  electrical  discharges  (and  in  some  cases 
resulting  anomalies)  occur  at  times  when  they  would 
not  be  expected  according  to  the  results  of 
laboratory  tests.  Also,  the  behavior  of  a 
particular  fabric  material  sample  In  orbit  on  P78-2 
(SCATHA)  differed  substantially  from  Its  behavior 
In  laboratory  tests  using  a  monoenergetic  electron 
6 

source. 

Preliminary  t'  sts  at  SRI  using  a  rudimentary 
multienergy  electron  gun  indicated  that  there  could 
be  substantial  differences  In  the  charging  and 
discharging  behavior  of  spacecraft  materials  when 
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Internal  research  and  development  (IR&D)  program.  This  element  focuses 
on  the  development  of  laboratory  techniques  and  Instrumentation  for  the 
study  of  flight  vehicle  electrification. 
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Illuminated  with  a  multienergy  source  rather  than 
with  a  monoenergetic  beam.7  Similarly,  the  results 
of  material  charging  tests  performed  using  two 
separate  monoenergetic  electron  guns  at  two 
discrete  energies  differed  significantly  from  those 
obtained  using  a  monoenegetlc  electron  source.®’^ 
These  differences  raise  questions  regarding  the 
degree  of  confidence  that  should  be  placed  in  the 
results  of  various  ground  tests. 

Despite  the  engineering  Importance  of 
dielectric  charging  and  discharge  characterization 
data,  the  information  gathered  in  ground-based 
simulations  has  never  been  adequately  validated  by 
similar  measurements  in  space.  Since  planning  and 
conducting  orbital  experiments  is  costly  and  time 
consuming,  SRI  concluded  that  a  laboratory 
experiment  tailored  to  provide  Insights  into 
possible  reasons  for  the  apparent  disparities 
between  orbital  and  laboratory  behavior  of 
spacecraft  materials  would  be  very  useful  at  this 
time. 

The  current  theories  of  dielectric  charging 
imply  that  the  exact  profiles  of  the  Internal 
charge  distributions  and,  therefore,  the  magnitudes 
of  the  Internal  electric  fields  are  determined  by 
the  details  of  the  incident  electron  energy 
distribution.!0  These  theories  also  suggest  that 
the  magnitude  of  the  Internal  electric  fields 
determine  whether  a  discharge  will  take  place. 
Accordingly,  it  was  decided  that  it  would  be  highly 
instructive  (and  feasible  at  this  time)  to  conduct 
a  systematic  study  contrasting  the  electrical 
behavior  of  materials  under  monoenergetic 
(generally  used  in  simulations)  and  multlenergetlc 
(more  typical  of  the  true  orbital  environment) 
electron  beam  illumination.  Such  measurements 
would  provide  insights  into  the  degree  to  which 
Imperfect  simulation  of  the  electron  energy 
spectrum  affected  the  credibility  of  laboratory 
experiments. 

Reported  here  are  the  first  results  from  an 
ongoing  series  of  laboratory  studies  being 
conducted  at  SRI  to  investigate  critical  Issues 
associated  with  laboratory  simulations  of 
spacecraft  charging. 


Ii  EXPERIMENT  DESIGN 
A.  General  Concept 

In  concept,  the  experiments  consisted  of  (1) 
illuminating  identical  samples  of  typical 
spacecraft  materials  alternately  with  monoenergetic 
and  multienergy  beams,  and  (2)  looking  for 
difxerences  in  the  way  the  materials  charged  and 
discharged.  This  approach  used  existing 
instrumentation  and  facilities  available  at  SRI  and 
afforded  an  opportunity  to  investigate  the  degree 
to  which  deviations  in  the  simulation  of  the 
orbital  environment  affected  material  behavior. 

The  test  setup  used  in  these  experiments 
(Figure  1)  is  similar  to  the  setup  used  earlier  by 
Nanevlcz  et  al.1*  to  study  the  electromagnetic 
fields  radiated  by  discharges  from  spacecraft 
materials  illuminated  by  a  monoenergetic  electron 
beam.  A  cylindrical  glass  bell  jar  was  mounted  on 
a  ground  plane  simulating  the  spacecraft  frame  and 
was  evacuated  to  a  few  x  10^  torr.  A  large-area 
electron  source  providing  uniform  illumination  over 
the  test  sample  was  mounted  at  the  top  of  the  bell 
Jar,  and  test  samples  were  placed  on  a  special  test 
jig  at  the  bottom  of  the  Jsr. 

The  inside  of  the  jar  was  coated  with  an 
electrically  conductive  "radome"  paint  to  prevent 
static  charge  accummulatlon  on  the  jar  walls. 
However,  the  paint  was  of  sufficiently  high 
resistivity  to  be  electromagnetically  transparent 
at  the  frequencies  of  Interest. 


nxTMCToa 

ILICTMIW 


io  ssciumcoM 


FIGURE  I  EXPERIMENTAL  SETUP 
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Instrumentation  included  a  small  dipole  E- 
field  sensor  (located  in  the  near  field,  30  cm  from 
the  bell  Jar  center),  which  measured  the 
electromagnetic  field  radiated  by  the  discharge.  A 
field  meter  located  adjacent  to  the  sample  provided 
a  reading  proportional  to  the  surface  potential  of 
the  test  sample.  Also  monitored  were  sample  return 
current,  electron  beam  current,  and  beam 
accelerating  potential. 

Simultaneous  records  were  made  of  all 
measurements  for  later  comparison. 

B.  Electron  Source 

The  special  electron  source  used  in  this  experiment 
was  developed  at  SRI  International  for  use  in 
spacecraft  charging  studies. *2,2  This  source 
provides  a  large-area  beam  with  Independently 
controlled  beam  current,  beam  energy,  and  energy 
spectrum.  Electrons  are  produced  by  multlpactor 
breakdown  between  two  large-area  parallel  plates 
and  are  extracted  from  between  the  plates  by 
Introducing  a  pattern  of  holes  in  one  plate  and 
biasing  both  plates  negatively  with  respect  to 
ground.  A  control  grid  was  provided  to  control 
beam  current,  and  a  grounded  accelerating  grid  was 
used  to  obtain  the  desired  beam  energies. 

To  produce  monep.ergetlc  electrons,  we  used  a 
simple  copper  screen  as  the  accelerating  grld.1^  A 
contlnous  energy  spectrum  was  produced  by  replacing 
this  accelerating  screen  with  a  specially  prepared 
foil  sheet  that  provided  scattering  centers  in  the 
beam  path.  Incident  electrons  are  scattered  in 
traversing  the  target  and  give  up  energy  to  the 
target  material.  By  the  proper  selection  of  foil 
materials,  the  probability  of  electron  scatter  can 
be  manipulated  and  the  desired  energy  spectrum  can 
be  produced. ^ 

The  electron  energy  spectrum  used  in  these 
experiments  represented  a  generic  spectrum  (Figure 
2)  and  was  not  Intended  to  simulate  the  details  of 
any  particular  spectrum  measured  at  geosynchronous 
orbit.  This  form  was  chosen  because  it  is  easy  to 
produce  with  resonable  beam  efficiency  and  because 
it  Includes  electrons  with  low  energies  that  are 
typical  of  the  orbital  environment.  The  form  of 
the  spectrum  at  low  energies,  however,  deviates 
considerably  from  the  orbital  environment.  The 
absolute  energy  level  of  the  eloctron  spectrum 


ELECTRON  ENERGY  (k»V) 
A)  M0N0ENERGETIC  BEAM 


ELECTRON  ENERGY  (k»V) 
B>  MULTIENERGETIC  BEAM 


FIGURE  2  ILLUMINATING  ELECTRON  BEAM 
SPECTRA  USED  IN  EXPERIMENTS 

could  be  adjusted  by  simply  varying  the  voltage 
applied  to  the  accelerating  grid/ioll. 

C.  Electromagnetic  Transient  Measurements 

For  the  measurements  of  radiated  electric  fields, 
we  used  instrumentation  developed  orglnally  for  the 
work  of  Reference  11,  but  we  refined  and  modified 
it  for  this  program.  The  electric  field  probe 
conslstsd  of  a  small,  capacltlvely  loaded,  electric 
dipole  antenna  with  a  self-contained  FET 
preamplifier,  so  that  the  sensor  output  was 
directly  proportional  to  the  magnitude  of  ths 
electric  field  st  its  location. ^  Thus,  the  sensor 
output  provided  a  direct  time  waveform  of  the 
radiated  electric  field,  E(t). 

The  sample-base  return  current  was  monitored 
by  mounting  the  sample  on  a  33  cm  diameter  plate 
(Figure  1).  The  plate,  in  turn,  w*n  connected  to 
the  ground  plane  through  24  pa  rail'  ,  50-ohm 
resistors  equally  spaced  sround  Its  perlphsry.  The 
terminating  resistors  Installed  in  this  way 
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minimized  the  tendency  of  the  plate  to  ring  when 
excited  by  a  transient  signal.  To  record  the 
current,  one  resistor  was  removed  and  replaced  by  a 
50-ohm  coaxial  cable  leading  to  the  50-ohm  Input  on 
a  high-speed  (1  GHz  bandwidth)  oscilloscope. 

Sample  surface  potentials  were  monitored  using 
a  vibratlng-reed  electrostatic  field  meter  (also 
developed  at  SRI).  This  device  Is  an  Improved 
version  of  those  sold  commercially,  since  It  is 
designed  to  function  In  a  plasma  environment  and 
indicate  Ion  current  as  well  as  local  static 
electric  field.  Its  output  was  fed  into  a  5  kHz 
bandwidth  chart  recorder. 

D.  Sensor  Calibrations 

Each  sensor  used  In  this  Investigation  was 
calibrated  by  subjecting  It  to  known  transient  or 
static  fields.  The  radiated  electric  field  sensor 
was  placed  in  a  50-ohra  parallel-plate  transmission 
line  driven  by  a  pulse  generator  to  produce  a  known 
transient  field  within.  By  reducing  the  length  of 
the  calibration  pulse,  we  checked  the  frequency 
response  of  the  sensor.  The  sensor  was  found  to 
track  the  driving  pulse  to  5  ns. 

The  static  field  meter  was  calibrated  by 
replacing  the  sample  in  the  testing  Jig  with  a 
metal  sheet  connected  to  a  power  supply  of  known 
potential.  A  calibration  of  the  base  current 
sensor  was  not  necessary,  since  the  arrangement 
described  constitutes  a  simple  current  divider. 

111  "  experimental  PROCEDURE 

Two  spacecraft-charging  sirolatlon  techniques  were 
compared  in  this  study.  The  first  technique  used  a 
monoenergetlc  electron  beam,  typical  of  those  used 
widely  in  earlier  simulations  of  the  space  charging 
environment. The  second  simulation 
technique  used  a  continuous-spectrum,  multlenergy 
electron  beam  more  typical  of  the  orbital 
environment.  Current  densities  of  0.3,  1.0,  and 
2.9  nA/cm ?  (typical  of  substorm  conditions)  were 
used.  Beam  energies  were  aa  shown  in  Figure  2. 

Test  material  samples  were  made  of  Kapton, 
obtained  from  the  normal  suppliers  of  the  aerospace 
Industry.  Samples  were  75-  and  127-pm-  thick 
rectangles,  250  cm?  In  area,  that  were  aluminized 
on  one  side.  The  results  of  preliminary 


experiments  showed  wide  variation  in  the  various 
sample  responses  to  Identical  test  conditions. 
Accordingly,  a  preparatory  treatment  was  instituted 
for  new  samples  to  enssure  that  all  samples  had 
been  identically  conditioned  prior  to  testing. 
Samples  were  peripherally  bonded  to  the  test  jig 
using  a  border  of  conducting  (copper)  adhesive 
tape.  (Discharge  triggering  is  sensitive  to  edge 
treatment,  and  this  was  the  mounting  procedure  used 
at  SRI  In  the  past.)  The  samples  were  then  cleaned 
with  pure  ethyl  alcohol,  rinsed  with  deionized 
water,  dried,  and  placed  In  the  bell  jar. 

Either  the  mono-  or  multlenergy  accelerating 
grid  was  Installed  on  the  electron  gun,  and  the 
chamber  was  evacuated  to  approximately  1  x  10”5 
torr.  Each  sample  was  subjected  to  one  particular 
energy  spectrum,  and  the  current  densities  were 
stepped  through  the  range  of  values  stated  above. 
Simultaneous  oscillograms  were  made  of  the  radiated 
field  and  return  current  from  each  Individual 
discharge.  The  discharges  were  numbered  In 
chronological  order.  At  each  current  density, 
testing  continued  until  roughly  ten  discharges  had 
been  observed  or  until  discharges  from  the  sample 
stopped  occurring.  As  a  rule,  tests  with  each 
energy  spectrin  were  repeated  three  times,  each 
time  with  a  fresh  material  sample. 

An  additional  test  was  performed  to  compare 
the  samples'  rates  of  charging  and  dlacharglng 
under  the  tvo  different  simulations.  A  single 
large  sample  of  127-Aim  Kapton  material  was  divided 
In  half,  and  each  half  was  exposed  to  one  of  the 
simulations.  Bean  current  density  In  both  cases 
was  5  nA/cm?,  and  beam  spectre  were  as  shown  In 
Figure  2.  The  static  field  meter  Installed  In  the 
bell  jar  was  used  to  monitor  the  samples'  charging 
and  discharging  behavior  In  the  two  test 
environments. 

IV  -  EXPERIMENTAL  RESULTS 

During  the  study,  substantial  variation  was  seen  In 
Important  parameters  of  the  material  responses 
Investigated.  However,  not  all  of  the  differences 
observed  could  be  attributed  to  changes  In 
controlled  parameters. 

Figure  3  shows  plots  of  the  rise  time  and  peak 
value  measured  for  the  return  current  and  radiated 
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A) 


FIGURE  3  RESPONSE  HISTORY  FOR  TYPICAL  SAMPLES  OF  75  pm  KAPTON 
AT  0  3  nA/cmz  AND  TWO  ENERGY  SPECTRA 


field  on  sucesslve  discharges  from  a  sample  during 
a  pair  of  tests  conducted  at  a  current  density  of 
0.3  nA/cm2.  Similar  data  from  teats  ai  beam 
current  densities  of  1.0  and  3.0  nA/cra2  are  shown 
In  Figures  4  and  5,  respectively. 

Figures  3  through  5  clearly  show  great 
differences  In  the  properties  of  successive 
discharges  from  a  given  sample.  As  discussed 
below,  these  dlfferencea  exlat  because  a  wide 
variety  of  discharges  are  possible  —  ranging  from 
those  that  (from  visual  observation)  Involve  the 
entire  sample  to  those  confined  to  a  small  point  on 
the  surface  of  the  sample.  In  spite  of  the  wide 
variations  observed,  It  Is  Instructive  to  look  tor 

I 


systematic  differences  In  the  behavior  of  the 
aamples  under  the  two  environments.  To  aaslst  In 
this  process,  the  average  value  of  each  parameter 
waa  calculated  and  la  shown  on  each  of  the  graphs. 

Our  search  for  general  trends  In  Figures  3 
through  5  revealed  that  the  most  obvious  and 
consistent  difference  between  mono-  and  multienergy 
behavior  Is  observed  In  the  pulse  rise  tlmea 
(panels  [ a )  and  [ b]  of  each  Figure).  In 
particular,  the  radiated  field  rise  time  (panel 
[a])  generaly  appears  to  be  shorter  (faster  rising 
pulse)  for  monoenergetlc  Illumination  (on  the 
average  by  roughly  a  factor  of  two)  at  all  current 
densities.  A  similar,  but  less  clear  difference  la 
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FIGURE  4  RESPONSE  HISTORY  FOR  TYPICAL  SAMPLES  OF  75  pm  KAPTON 
AT  1.0  nA/cm2  AND  TWO  ENERGY  SPECTRA 


observed  In  the  return  current  rise  time  (panel 
b).  Again,  discharges  under  monoenergetlc 
Illumination  tended  to  show  a  shorter  return 
current  rlsetlme,  except  In  Figure  4b,  where  there 
appears  to  be  no  substantial  difference. 

In  the  case  of  the  peak  return  current  and 
peak  radiated  field  (panels  r.  and  d),  on  the  other 
hand,  there  appears  to  be  no  conslatant 
difference.  In  fact,  for  the  peak  radiated  field 
(panel  c),  multienergy  Illumination  resulted  In 
higher  amplitude  pulses  at  low  beam  currents 
(Figure  3c),  while  monoenergetlc  Illumination 
resulted  In  higher  amlplltude  pulses  at  high  beam 
current*  (Figure  5c). 


For  the  sake  of  completeness,  response 

histories  obtained  with  samples  exposed  at  10 

2 

nA/cm  beam  current  density  are  shown  In  Figure 
6.  Although  this  current  density  Is  at  or  above 
the  maximum  densities  reported  from  space,  testing 
Is  frequently  done  at  this  level  In  an  effort  to 
accelerate  the  test  program.  Thus,  behavior  of 
materials  at  these  charging  rates  Is  of  Interest, 
since  It  provides  Insights  Into  the  distortions  In 
material  behavior  one  la  likely  to  experience  with 
accelerated  testing.  The  great  variation  In  the 
value*  of  the  parameters  In  Figure  6,  makes  It 
difficult  to  discern  any  systematic  difference* 
between  material  behavior  with  multi-  and 
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FIGURE  7 

RESPONSE  HISTORIES  OF  TWO  MULTIENERGETIC 
TEST  CASES  AND  ONE  MONOENERGETIC  TEST 
CASE  (75  pm  kopton) 


were  recorded  during  the  test  program.  The  three 
more  or  less  distinct  "general"  types  of  pulse 
observed  are  shown  in  Figure  8.  Waveforms  such  as 
those  in  Figure  8a  were  generated  by  a  discharge 
shown  visually  to  be  confined  to  a  single  point  on 
the  sample.  Pulses  typified  by  Figures  8b  and  8c 
were  observed  on  discharges  that  appeared  to 
envelope  the  entire  sample. 

A  discharge  confined  to  a  single  point  would 
presumably  tap  only  the  charge  stored  in  its 
immediate  vicinity.  Accordingly,  the  pulse  should 
form  quickly  and  dissipate  as  soon  as  the  region 
was  discharged,  generating  a  single  short  pulse  of 
the  sort  shown  in  Figure  8a. 

If  a  substantial  portion  of  the  test  sample  is 
involved,  time  is  required  to  propagate  the 
discharge  over  the  surface,  and  the  pulses 
generated  by  such  discharges  should  last  longe,  as 
shown  in  Figures  8b  and  8c.  If  the  extended 
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discharge  originates  In  a  region  a  of  high,  easily 
tapped  charge,  a  pulse  with  a  fast  leading  edge  (as 
shown  in  Figure  8b)  will  be  generated.  If,  on  the 
other  hand,  the  extended  discharge  must  propagate 
over  the  surface  a  substantial  distance  before 
reaching  a  region  of  easily  tapped  charge,  a  pulse 
such  as  that  shewn  in  Figure  8c  will  be 
generated.  The  period  of  propagation  to  the  high- 
charge  region  results  in  the  slowly  rising  leading 
portion  of  the  pulse.  Once  the  propagating 
discharge  reaches  the  easily  tapped  charge,  an 
abrupt  change  in  base  current  and  radiated  field  is 
produced. 

In  general,  exposure  to  the  multlenergy  beam 
tendpd  to  produce  discharges  of  the  general  type 
illustrated  in  Figure  8c.  However,  all  of  the 
waveform  types  illustrated  in  Figure  8  were 
observed  with  both  simulations. 

A  major  shortcoming  associated  with  the  use  of 
laboratory  simulations  to  study  discharge 
parameters  is  illustrated  by  the  return  current 
waveform  of  Figure  8c,  which  represents  the  current 
blown  away  from  the  test  sample.  Approximating  the 
discharge  current  pulse  by  a  triangular  wave  with 
amplitude  50  A  and  a  base  of  1000  ns,  we  find  that 
the  charge  blown  away  ia  roughly 

q  -f  l  d  t  =1/2  50  (1000  x  10-9) 

■  25  x  10  ^  coulomb 


If  we  estimate  the  spacecraft  to  have  a  self- 
capacitance  of  about  C  ■  250  pF,  the  voltage  to 
which  the  spacecraft  would  charge  as  the  result  of 
such  a  net  removal  of  charge  is  given  by 


V  -  q/C 


25  x  10~6 
250  x  l(f 


100  kV 


which  is  not  possible.  Thus  we  must  conclude  that 
either  the  discharge  will  choke  off  much  sooner 
than  it  does  in  the  laboratory  or  that  a  it.  lanism 
must  exist  in  space  for  the  blow-away  current  to  be 
recovered  by  the  spacecraft  virtually  as  rapidly  as 
it  is  ejected.  Thus,  it  is  very  likely  that  the 
discharges  (  .  urrlng  in  space  will  differ 
substantially  from  those  generated  in  the 
laboratory.  (This  problem  was  identified  by 
Nanevlcz  and  Adamo  in  connection  with  an  earlier 
laboratory  study  of  discharge  properties.^  The 


problem  of  removing  blown  away  current  does  not 
arise  in  the  laboratory,  because  it  can  be 
collected  by  the  ground  electron  gun  located  above 
the  test  sample  [Figure  1]). 

With  monenergetic  Illumination,  the  test 
samples  produced  discharges  at  about  twice  the  rate 
of  the  multlenergetic  case,  even  though  the  overall 
beam  current  from  the  gun  was  the  same  in  each 
test.  This  result  is  reasonable  according  to  the 
following  arguments:  For  the  monenergetic  beam, 
all  the  incident  electrons  (total  beam  current) 
left  the  gun  with  24  keV  of  energy.  In  the 
multlenergetic  case,  however,  only  about  5X  of  the 
total  beam  current  had  energy  of  24  keV.  During 
irradiation,  the  beam  deposits  charge  in  the 
sample,  which  produces  a  repelling  static  electric 
field.  In  the  monoenergetic  case,  this  field  slows 
the  incident  electrons,  but  the  overall  beam 
current  remains  essentially  unchanged.  In  the 
multienergy  case,  on  the  other  hand,  some  of  the 
incident  electrons  have  small  velocities  (energies) 
and  cannot  penetrate  the  field.  For  example,  if 
the  sample  is  charged  to  5  keV,  an  electron  leaving 
the  gun  with  less  than  5  keV  of  energy  will  not 
reach  the  sample.  This  effect  continually  reduces 
the  incident  beam  current  of  the  multlenergetic 
simulation.  Thus,  the  multlenergetic  simulation  of 
the  geosyncronous  environment  charges  dielectrics 
more  slowly  and  produces  fewer  discharges  per  unit 
time  than  Its  mononergetic  counterpart. 

Samples  under  multienergy  illumination 
generally  continued  discharging  for  a  longer  period 
of  time  than  those  exposed  to  a  monoenergy  beam 
[Figure  9).  Some  samples  under  the  multienergy 
beam  continued  to  discharge  for  over  two  hours, 
while  samples  under  a  monoenergy  beam  would  quit 
discharging  after  a  few  minutes.  The  physical 
processes  responsible  for  this  behavior  have  not 
yet  been  investigated.  It  is  not  clear,  for 
example,  whether  the  bulk  conductivity  of  the 
material  is  inck eased  by  the  high-energy  component 
of  the  electron  illumination,  or  whether  the 
discharge  triggering  mechanism  is  inhibited  by  the 
effects  of  the  monoenergetic  illumination. 

It  is  interesting  to  note  froa  Figure  9  that, 
following  most  discharges,  the  sample  voltage 
dropped  to  a  small  fraction  of  its  initial  voltage, 
indicating  that  a  substantial  fraction  of  the 
surface  had  been  discharged.  Such  discharges 
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FIGURE  9 

CHARGING  AND  DISCHARGING  OBSERVED  WITH  MONO  AND 
MULTIENERGY  SIMULATIONS  (127  Jim  kapton) 


generated  transient  pulses  of  the  sort  shown  In 
Figures  8b  and  8c.  In  the  top  line  of  Figure  9 
shows  that  one  discharge  each,  for  both  mono-  and 
multlenergy  Illuminations,  produced  a  small 
perturbation  In  effective  surface  potential, 
Indicating  that  only  a  small  portion  of  the  surface 
had  been  discharged.  Such  discharges  produced 
pulses  of  the  sort  Illustrated  In  Figure  8a. 


V  -  EXPERIMENTAL  OBSERVATIONS 

During  the  experimental  program,  a  variety  of 
observations  provided  significant  Insights  Into  the 
Issue  of  spacecraft  charging  and  Its  simulation. 

As  Indicated  In  Section  111,  sample  mounting 
techniques  have  a  great  effect  on  the  ease  with 
which  discharges  are  triggered.  An  Investigation 
of  various  edge  treatments  revealed  that  dlacharges 
encompassing  more  than  a  single  point  always 
Involved  a  grounded  edge.  This  Implies  that 
consideration  of  Installation  details  Is  Important, 


not  only  In  laboratory  simulations,  but  also  In  the 
application  of  results  from  such  simulations  to 
spacecraft  (design). 

In  preparing  the  test  samples  for  the 
experiments,  each  sample  was  wiped  clean.  It  was 
often  observed  that  the  direction  of  the  discharge 
paths  followed  the  direction  of  wiping  the 
sample.  The  physical  processes  Involved  were  not 
Investigated,  but  the  observation  seems 
significant. 


In  conducting  the  present  set  of  experiments, 
it  was  generally  necessary  to  use  a  higher-energy 
monoenerget lc  beam  to  secure  discharges  than  was 
true  In  the  past.  This  might  be  because  from  the 
stocks  of  Kapton  samples  used  in  previous 
experiments  at  SRI  had  been  exhausted  and  because 
new  material  was  ordered  for  the  present 
experiments.  Nc  time  was  available  to  Investigate 
varlabllty  between  different  batches  of  Kapton. 

This  should  be  pursued  In  future  work. 

i 
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IV  -  CONaUSIONS 

The  study  results  show  that  some  significant 

differences  exist  In  Kapton's  response  to 

monoenergetic  and  multlenergetlc  simulations  of  the 
l 

geosychronous  charging  environment.  Particularly 
significant  Is  the  fact  that  samples  exposed  to  a 
multienergy  beam  continue  discharging  (apparently 
indefinitely),  while  samples  from  the  same  batch  of 
material  exposed  to  a  monoenergetic  beam  stop 
discharging  after  a  few  minutes.  Thus,  an 
experimenter  working  with  a  monoenergetic  electron 
beam  may  falsely  believe  that  spacecraft  charging 
will  not  be  a  problem  for  his  materials  In  orbit. 

A  second  apparently  consistent  difference  In 
the  behavior  of  Kapton  with  multi-  and 
monoenergetic  electron  Illumination  Is  in  the  rise 
time  of  the  discharges  produced.  In  general,  the 
discharges  observed  with  monoenergetic  Illumination 
had  shorter  rise  times  (by  roughly  a  factor  of  two) 
than  did  the  discharges  observed  in  the  multlenergy 
experiments.  Since  short  rise-time  pulses  are  most 
effective  In  penetrating  apertures  and  other 
electromagnetic  Imperfections  In  a  satellite,  the 
use  of  data  generated  in  experiments  with  a 
monoenergetic  beam  will  result  In  a  slight 
overspeclf lcatlon  of  the  severity  of  the  orbital 
electromagnetic  environment. 

A  particularly  significant  finding  of  this 
study  was  that  parameters  not  normally  considered 
as  Important  experimental  variables  In  the  study  of 
material  charging  and  discharging  have  as  great  (or 
greater)  Influence  on  the  material's  response  as  do 
those  parameters  that  are  normally  closely 
controlled.  For  example,  the  way  In  which  a  sample 
was  cleaned  (direction  of  cleaning  strokes) 
affected  the  orientation  of  the  Llchtenberg 
patterns,  vlhlle  some  samples  would  discharge  two 
or  three  times,  other  ?identlcal?  samples  under 
^Identical!  test  conditions  might  discharge  twenty 
times  or  more.  It  may  be  that  the  details  of  how 
the  material  is  attached  to  the  satellite,  from 
what  production  run  the  mate-.ial  originated,  and 
other  as  yet  unknown  variables  have  a  greater 
Influence  on  how  a  given  craft  behaves  In  a 
charging  environment,  than  do  the  details  of  the 
charging  environment  itself.  Further  investigation 
!s  needed  In  this  area  to  adequately  Identify, 
describe,  and  characterize  the  critical  parameters 


Involved  In  a  material's  response  to  charging 
conditions. 

In  general,  the  cost  of  accurately  duplicating 
the  known  charging  environment  at  geosynchronous 
altitude  becomes  Increasingly  expensive  as  the 
required  accuracy  of  that  simulation  Increases  and 
the  number  of  controled  parameters  Increases.  The 
present  study  was  undertaken  to  investigate  the 
effects  of  modifying  one  of  these  parameters  --  the 
electron  beam  spectrum.  It  was  found  that 
differences  did  exist  between  material  behavior 
under  mono-  and  multlenergetlc  Illumination.  In 
addition,  found  that  significant  difficulties  exist 
In  our  ability  to  apply  our  laboratory  results  to 
actual  satellites.  For  example,  the  amplitude  and 
duration  of  the  blow-off  current  pulse  observed  in 
the  laboratory  (Section  IV)  will  probably  not  be 
duplicated  In  orbit.  Also  discharge  behavior  is 
significantly  affected  by  uncontrolled  variations 
In  material  properties  and  handling.  These  results 
indicate  that  further  progress  In  the  area  of 
ground  sluulatlon  and  In  the  general  understanding 
of  spacecraft  charging  would  benefit  enormously 
from  ln-crblt  measurements  designed  to  validate  the 
results  of  laboratory  work  and  to  provide  guidance 
for  future  efforts. 
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Abstract  -  This  paper  describes  a  programme  of  work,  funded  by  the  UK  MOD,  to 
investigate  the  design  of  aircraft  radome  lightning  protection  based  upon  the 
concept  of  lightning  striking  distance.  A  simple  mathematical  model  describing 
the  protection  is  derived  and  experimental  results  designed  to  test  the  theory 
are  given.  It  is  concluded  that  within  the  limits  of  unpredictability  of  high 
voltage  discharges,  the  model  goes  some  way  towards  explaining  the  performance 
of  a  cylindrical  cage  of  protective  conductors  in  terms  of  their  pitch  and 
distance  from  the  internal  metalwork  being  protected. 


1  INTRODUCTION 

Aircraft  radomes  are  vulnerable  to  damage  by 
lightning  strike;  trends  in  radome  design 
have  reduced  their  electrical  strength  so 
that  their  vulnerability  and  hence  the  need 
for  lightning  protection  has  increased.  The 
normal  method  of  lightning  protection  consists 
of  a  cage  of  conductors  placed  around  the 
radome,  with  one  end  of  each  conductor 
earthed  at  the  airframe  end.  The  number  of 
conductors  used,  and  their  spacing,  has  to  be 
a  compromise  between  the  degree  of  lightning 
protection  given  and  the  amount  of  radar 
degradation  allowed.  Radar  degradation 
occurs  doe  to  the  microwave  scattering  action 
of  each  protection  strip  and  the  combined 
effect  of  the  cage  of  conductors.  The 
scattering  depends  upon  the  direction  of 
illumination  of  the  strips  by  the  radar  beam, 
and  hence  this  will  vary  as  the  radar  antenna 
is  scanned  to  the  left,  right,  up  and  down. 

The  implications  for  the  radar  system  are 
that  the  side  lobe  performance  is  degraded 
with  a  consequent  reduction  of  radar  range 
and  noise  immunity.  Hence  the  number  of 
protection  strips  must  be  kept  to  the 
minimum  required  for  adequate  radome 
protection  (ref  1)  . 

The  conductor  spacing  design  criterion  used 
in  the  UK,  has  been  based  upon  the  concept  of 
puncture/f lashover  (ref  2) .  This  assumes 
that  if  a  lightning  leader  touches  the 
radome  it  can  either  flashover  to  an  adjacent 
protection  strip  or  puncture  the  radome  wall 
to  attach  to  the  internal  metalwork.  The 
conductor  spacing  is  such  as  to  ensure  that 
flashover  rather  than  puncture  occurs.  Using 
this  concept  the  strip  spacing  must  be  closer 
for  a  weak  dielectric  material  than  for  a 
strong  one,  and  considering  the  trends  in 
radome  design  more  strips  are  required  than 
has  been  the  case  in  the  past. 

High  voltage  tests  of  a  large  radome  showed 
that  the  use  of  the  puncture/f lashover 
criterion  had  produced  a  significant  degree 


of  over  protection,  since  a  large  number  of 
strips  could  be  removed  before  radome 
puncture  occurred.  During  the  tests  it  was 
observed  that  discharges  went  straight  to  a 
protection  strip  rather  than  to  the  radome 
surface  and  then  flashed  over.  These 
observations  were  the  reason  for  initiating 
this  research  programme  with  the  objective 
of  determining  the  geometric  criteria  of 
protection  provided  by  a  cage  of  conductors 
surrounding  internal  metalwork.  It  is 
obvious  that  a  single  conductor  surrounded 
by  a  symmetrical  cage  of  protection  conduc¬ 
tors  must  be  protected  if  there  are  suffici¬ 
ent  conductors  in  the  cage  -  this  must  apply 
whether  the  protection  conductors  are  on  a 
dielectric  surface  or  in  air.  What  is’ 
required  is  a  theory  that  relates  the 
geometry  of  this  situation  to  the  degree  of 
protection  provided,  the  electrogeometric 
theory  given  below  attempts  to  do  this. 

2  ELECTROGEOMETRIC  THEORY  OF  RADOME 
PROTECTION 

In  trie  electrogeometric  method  of  determining 
suitable  positions  for  the  earthed  conductors 
in  lightning  protective  schemes,  the  basic 
assumption  is  that  there  exists  a  'lightning 
striking  distance'  rs  (ref  3) .  If  a 
lightning  leader,  developing  along  a  tortuous 
path  determined  by  the  local  physical  con¬ 
ditions,  extends  to  within  a  distance  r 
from  an  earthed  conducting  object  then  it  is 
assumed  that  the  subsequent  lightning  strike 
will  terminate  on  that  object.  Thus  protec¬ 
tive  conductors  must  be  positioned  so  that 
for  every  possible  direction  of  approach  of 
the  lightning  leader,  it  must  always  reach  a 
distance  r8  from  some  part  of  the  protec¬ 
tive  system  or  the  earth,  before  coming 
within  r8  from  the  object  being  protected. 
In  the  absence  of  any  contrary  experimental 
evidence  it  is  assumed  that  the  striking 
distances  to  different  objects  are  equal, 
although  there  is  much  uncertainty  about  the 
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magnitude  of  rs  .  The  striking  distance  is 
considered  to  be  dependent  upon  the  charge 
density  in  the  lightning  leader  and  conse¬ 
quently  of  the  peak  current  in  the  resulting 
lightning  strike. 

In  the  present  study  of  the  protective 
properties  of  lightning  conductors  on  non¬ 
conduct  ive  areas  on  the  surface  of  an  air¬ 
craft  in  flight,  we  have  assumed  that  the 
concept  of  the  'lightning  striking  distance1 
is  still  valid.  In  other  words  if  a 
lightning  leader  extends  by  chance  to 
within  such  a  distance  from  any  point  on  the 
surface  of  an  aircraft  then  the  resulting 
lightning  channel  will  strike  that  point. 

We  have  at  present  no  knowledge  of  the 
magnitude  of  this  distance,  here  symbolised 
by  rg  . 

Taking  a  simplified  model  with  cylindrical 
symmetry,  Fig  1  shows  the  arrangement  of  n 
conductors  equally  spaced  around  the  circum¬ 
ference  of  a  cylinder  of  radius  r-j  which 
represents  the  radome.  The  internal  radar 
equipment  is  here  represented  by  a  coaxial 
inner  cylinder  of  radius  12  •  The  protec¬ 
tion  afforded  by  these  n  protective 
conductors  depends  on  the  probability  of  a 
lightning  leader  getting  within  a  distance 
r^  from  the  inner  cylinder. 

In  Fig  1  the  curve  AB  is  the  locus  of  points 
equidistant  from  the  protective  strip  PS1 
and  the  surface  of  the  inner  cylinder. 

Curve  AC  is  the  corresponding  locus  of  points 
equidistant  from  PSn  and  the  inner  cylinder. 
These  two  curves  intersect  at  the  point  A, 
which  lies  on  the  radial  line  mid-way 
between  the  two  protective  strips  and  is 
distant  Li  from  the  surface  of  the  outer 
cylinder,  ie  the  radome  surface.  If  Li  is 
less  than  the  lightning  striking  distance 
rg  then,  before  any  lightning  leader  can 
enter  the  region  bounded  by  the  lines  AB  and 
AC,  it  will  be  less  than  r^  from  one  of 
the  protective  strips  and  hence  the  lightning 
will  strike  this  strip  rather  than  the  inner 
cylinder.  The  inner  cylinder  can  be  struck 
if  Li  is  greater  than  r^  .  In  this  case 
a  lightning  leader  developing  by  chance  into 
the  region  bounded  by  lines  AB  and  AC  may 
thereafter  develop  within  this  region  to  be 
within  ri  from  the  inner  cylinder  and 
hence  strike  it. 

Fig  2  shows  the  form  of  the  loci  AB  and  AC  in 
more  detail.  In  this  figure  the  origin  O' 
corresponds  to  the  point  O'  in  Fig  1  and 
the  y-axis  lies  along  the  radial  line  O'A 
in  Fig  1.  As  an  alternative  to  representing 
the  equipment  within  the  radome  as  a  coaxial 
cylinder  the  most  vulnerable  region  could  be 
simulated  by  siting  a  single  conductor  at 
the  point  D.  In  this  case  the  loci  are  the 
straight  lines  AE  and  AF  but  the  length  Li 
is  unchanged.  In  Fig  2  it  can  be  seen  that 
there  is  little  difference  between  these 
lines  and  the  curves  AB  and  AC  for  distances 
from  the  outer  cylinder  in  excess  of  Li/2  . 

The  ratio  of  Li  to  Ri  is  a  function  of 
the  ratio  of  Rj  to  Ri  ,  ie  of  F  =  R2/R1  . 


The  variation  of  the  magnitude  of  Li/Ri  as 
a  function  of  F  ,  is  shown  in  Fig  3  for  n  , 
the  number  of  protective  strips,  equal  to  6, 

10  and  16.  Assuming  that  the  theory  is  valid 
then  the  smaller  is  L*  ,  then  the  greater  the 
degree  of  protection.  Fig  3, shows  as  the 
number  of  strips  is  increased,  then  for  Ri 
constant  Li  falls.  Thus  as  would  be 
expected  the  protection  increases  by  adding 
conductors . 

Li  increases  rapidly  as  the  value  of  F 
approaches  the  value  cos  (180°/n)  which 
corresponds  to  the  point  D  lying  at  the 
centre  of  the  straight  line  joining  adjacent 
protective  strips.  For  this  condition  the 
loci  are  asymptotic  to  the  radial  line  ODA  , 
(Fig  1)  and  Li  =  «  .  This  is  to  be  expected 
since  when  the  conductor  to  be  protected  lies 
on  the  same  surface  as  the  protection  strips  - 
protection  is  not  possible. 

If  n  =  10  this  critical  value  of  F  equals 
cos  (180°)  =  0.951  .  A  reduction  of  F  to 
0.94  5  reduces  L-j/Ri  to  approximately  7.8 
while  a  reduction  to  0.94  halves  it  to  about 
4  and  a  further  reduction  to  F  =  0.93 
results  in  L1/R1  =  2.25  .  As  an  example  for 
an  outer  radius  Ri  of  1  metre,  the  radial 
separations  between  inner  and  outer  cylinders 
for  the  above  conditions  are  49,  55,  60  and 
70  millimetres  respectively. 

If  F  is  greater  than  the  critical  value 
then  each  locus  is  asymptotic  to  the  radial 
line  through  the  point  of  contact  of  the 
tangent  from  the  corresponding  protective 
strip  to  the  inner  cylinder  as  shown  in 
Fig  4.  For  thi3  condition  it  is  possible 
for  a  lightning  leader  to  approach  directly 
to  within  r^  from  the  inner  cylinder  for 
any  value  of  r^  . 

As  an  example,  in  the  10  protective  strip 
arrangement  of  Fig  4 ,  if  F  *  0.99  ,  the 
angle  of  the  'inner  cylinder  vulnerable' 
wedge  is  19.8°.  Thus  the  probability  that  an 
approaching  leader  will  by  chance  be  in  one 
of  the  10  such  wedges  is  55%.  This  probabil¬ 
ity  falls  as  the  value  of  F  is  reduced. 

For  the  10-strip  arrangement  the  probabilities 
for  F  ->  0.98,  0.97  and  0.96  are  36%,  22% 
and  10%  respectively. 

As  stated  earlier  if  F  is  less  than  the 
critical  value,  cos  180°/n)  then  the  loci 
meet  and  it  is  the  relative  values  of  Rg 
and  Li  which  will  determine  whether  or  not 
the  inner  cylinder  can  be  struck.  This  is 
only  possible  if  Li  is  greater  than  R|  . 

As  a  lightning  leader  approaches  an  aircraft 
in  flight,  discharges  may  develop  from 
different  points  on  the  surface.  Any  such 
discharge  developing  from  a  protective  strip 
on  a  radome  will  result  in  the  'apparent' 
position  of  the  strip  being  further  from  the 
equipment  within  the  radome  and  hence  the 
protection  afforded  to  such  equipment  would 
be  expected  to  increase.  The  presence  of 
the  insulating  wall  of  the  radome  will 
inhibit  the  development  of  discharges  from 
the  internal  structures.  If  such  discharges 
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alone  were  to  develop  then  they  could  reduce 
the  protective  effect  of  the  strips. 

However  if  the  conditions  were  such  as  to 
cause  significant  discharges  to  develop 
within  the  radome  then  even  greater  dis¬ 
charges  would  be  developing  from  the 
protective  strips  and  effective  protection 
should  still  be  achieved. 

3  EXPERIMENTAL  STUDIES 

3 . 1  Mock  Radome 

This  model  was  constructed  from  lightweight 
metal-angle  which  accommodated  seven  hard- 
board  sheets  (1.22  metres  wide  x  3.2  milli¬ 
metres  thick)  bowed  to  semi -cylindrical 
shape.  Alignment  of  the  boards  at  their 
abutments  was  obtained  by  means  of  small 
insulating  screws  and  washers,  while  crossed 
wood  lath  supports  underneath  the  boards 
maintained  the  semi-cylindrical  shape.  Thin 
12.7  millimetre  wide  tinned  copper  strips 
were  pulled  taut  longitudinally  over  the 
external  surfaces  of  the  boards  to  represent 
the  lightning  conductors.  A  12.7  millimetre 
square  section  mild-steel  bar  4.5  metres  in 
length,  was  mounted  centrally  under  the 
boards  on  two,  vertically  adjustable  metal 
supports  to  represent  apparatus  to  be 
protected  inside  the  mock  radome.'  This  bar 
(Am)  and  the  protective  copper  strips  were 
connected  to  the  metal-angle  structure  and 
earthed.  Other  dimensions  are  given  in  the 
end  elevation.  Fig  5. 

3.2  Test  Equipment  and  Procedure 

The  model  was  positioned  on  the  laboratory 
floor  to  give  clearances  of  >  1 0  metres,  to 
nearby  wall,  or  equipment.  The  test  equip¬ 
ment  comprised  an  impulse  generator  and, 
voltage  divider  with  associated  two  beam 
transient  recorder.  Test  voltages  were 
applied  to  a  2  metre  long  20  millimetre 
diameter  rod  suspended  centr;  lly  over  the 
model  from  a  long  string  insu  ator.  The 
lower  end  of  the  rod  was  cone  3haped  to  60” 
and  spaced  approximately  3  metres  above  the 
radome . 

Fhotographic  records  with  corresponding 
oscillograms  were  obtained  for  every  impulse 
voltage  applied  to  the  test  piece.  Two 
cameras  were  used,  situated  at  a  height  above 
floor  level  equal  to  the  centre  of  the  main 
gap  between  the  high  voltage  rod  and  the 
upper  radome  surface;  one  camera  being  in 
line  with  the  major  axis  of  the  mock  radome 
while  the  other  was  mutually  displaced  by 
90°.  The  cameras  were  synchronized  to  open 
with  operation  of  the  impulse  generator. 

Two  double  exponential  impulse  voltage  wave¬ 
shapes  were  chosen  for  the  investigation 
designated  short  (S)  and  long  (L) ,  In  accord¬ 
ance  with  IEC-60  recommendations  these  were 
measured  as  1.4/40  us  and  120/1725  us  for  S 
and  L  waves  respectively. 

Earlier  experimental  work  using  a  roughly 
comparable  model  (Ref^,  indicated  that  only 
a  small  difference  would  occur  in  the  spread 


of  long-spark  attachment  points  on  the  model , 
between  tests  performed  at  the  V50  voltage 
level  and  tests  at  the  V90  level.  Small 
differences  in  voltage  level  was  therefore 
considered  relatively  unimportant  for  the 
present  work;  nevertheless  sparkover  levels 
are  included  in  the  table  of  results  (Table  1). 
Variations  in  values  of  ambient  air  density 
correction  factor  Kd  and  absolute  humidity. 

3 . 3  Test  Results 

Preliminary  tests  on  the  mock  radome  (see 
Fig  5)  for  strip  angles  Qd  of  both  36  and 
45°  showed  that  the  hardboard  sheets  were 
effective  in  preventing  negative  polarity 
strikes  to  the  inner  electrode  'A^' .  But 
for  comparable  conditions,  some  positive 
discharges  punctured  the  hardboard  sheets  and 
attached  on  to  'Am’ .  Thus  positive  polarity 
was  considered  the  more  onerous  and  therefore 
used  in  the  present  short  investigation, 
involving  four  test  conditions  1,  2,  3  and  4, 
as  shown  in  Fig  5  and  6.  In  Fig  6,  the  loci 
of  points  in  the  main  gap  equidistant  from 
electrode  'Am'  and  both  adjacent  protective 
strips  are  drawn  in  dotted  for  different 
values  of  h  .  Thin  wood  lath  structures 
were  made  to  these  calculated  wedge  dimensions 
forming  the  dotted  lines  -  and  constructed 
vertically  on  either  side  of  the  centre  board 
on  the  model.  Prior  to  testing,  still  photo¬ 
graphs  of  these  structures  were  taken  for  the 
four  experimental  conditions  so  providing 
formats  on  which  subsequent  photograph  nega¬ 
tives  could  be  accurately  superimposed  to 
determine  the  trajectories  of  the  long  sparks 
relative  to  these  wedge  shaped  outlines. 

Approximately  20  sparkovers  to  the  model  were 
obtained  using  positive  polarity  short-waves 
then  repeated  using  long-waves,  for  each  of 
the  four  test  conditions  given  in  Fig  5.  The 
trajectories  recorded  for  each  flashover  were 
then  related  to  the  wedge  shaped  outlines. 

The  results  arepresented  in  Table  1 . 

4  EXPERIMENTAL  RESULTS 

The  first  important  result  of  the  mock  radome 
experiments  was  the  effect  of  the  radome 
wall  -  simulated  in  the  test  arrangement  by 
hardboard  she"t.  The  test  conditions  were 
set  so  that  all  the  sparks  produced  by 
positive  short-fronved  impulses  hit  the 
central  rod  electrode  whether  or  not  the 
hardboard  sheet  was  present  in  the  central 
test  section  of  the  model.  Tests  using 
negative  short-fronted  impulses  also  produced 
100%  flashover  to  the  central  rod  when  there 
was  no  hardboard  sheet.  With  the  sheet 
present  however  all  the  flashovers  were  to 
tho  protective  strips.  Consequently  all  the 
subsequent  tests  were  undertaken  using  only 
positive  impulses. 

In  the  mr.iri  series  of  tests  approximately  20 
flashovers  were  observed  under  each  of  eight 
different  conditions;  four  different  radial 
positions  of  the  central  electrode  and  for 
two  different  impulse  voltage  wavefronts. 

The  hardboard  sheet  was  not  present  on  the 
central  1.2  metre  wide  section  of  the  test 
model . 
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For  the  four  positions  of  the  central  rod 
the  radial  distances  to  the  outer  surface 
were  20,  48,  64  and  78  millimetres.  The 
corresponding  values  of  'h'  in  Fig  1  were 
+28,  0,  -16  and  -30  millimetres.  In  Table  1 
these  conditions  are  indicated  as  electrode 
conditions  1,  2,  3  and  4.  In  this  Table  the 
impulse  voltage  wavefrort  duration  is 
indicated  by  an  'S'  or  '  '  beside  each 
observation.  For  each  e.ectrode  configura¬ 
tion  the  number  of  flashovers  to  the  central 
electrode  and  to  the  protective  strips  are 
indicated  both  as  totals  and  as  percentages. 

As  the  central  conductor  was  moved  further 
from  the  cuter  surface  the  efficacy  of  the 
protective  strips  increased.  The  proportion 
of  the  flashovers  which  went  to  the  central 
electrode  fell  as  shown  in  Fig  6.  The  two 
scales  on  the  horizontal  axis  indicate  the 
radial  separation  and  also  the  ratio 
F  =  R2/R,  . 

Included  in  the  figure  are  two  0%  values 
observed  in  an  earlier  test  for  radial 
separations  of  103  and  118  millimetres. 

From  records  of  the  spark  paths  viewed  along 
the  axis  of  the  model,  it  was  determined 
whether  or  not  the  path  crossed  the  surface 
of  the  wedge  formed  by  the  loci  of  points 
equidistant  from  the  protective  strips  and 
the  central  rod. 

For  the  first  configuration  this  wedge  was 
inverted  as  indicated  in  Fig  9,  because  F 
exceeded  the  critical  value  of  0.951.  For 
the  second  rod  position  F  was  equal  to  the 
critical  value  and  hence  the  height  of  the 
wedge  tip  was  infinite  and  the  w edge  took 
the  form  of  a  rectangular  block  or  an 
'infinite  wedge'.  The  final  two  positions 
of  the  rod  corresponded  to  F  being  less 
than  the  critical  value  and  the  wedges  had 
tip  heights  of  L-|  =  2752  millimetres  and 
1435  millimetres  respectively. 

For  the  first  two  configurations  the  high 
voltage  electrode,  3048  millimetres  froi.  the 
cylindrical  surface,  was  contained  within 
the  wedge  and  so  flashover  to  the  central 
electrode  could  develop  entirely  within  this 
region.  If  this  occurred  then  at  every 
point  in  its  development  the  spark  was  nearer 
to  the  central  electrode  than  to  ei+her 
protective  strip.  The  proportion  of  the 
sparks  to  the  central  electrode  which 
developed  in  this  way  is  shown  in  Fig  6  and 
the  corresponding  number  of  sparks  is 
recorded  in  Table  1 . 

As  the  wedge  encloses  the  high  voltage 
electrode  it  is  Impossible  for  a  spark  to 
develop  to  either  protective  strip  without 
crossing  the  surface  of  the  wedge.  There 
can  therefore  be  no  entries  in  the  Table 
under  the  heading  "sparks  to  the  protective 
strips/developing  entirely  within  the  wedge". 
The  last  row  of  Table  1  shows  the  number  of 
sparks  which  crossed  the  surface  of  the 
wedge  either  as  they  developed  to  hit  the 
central  electrode  or  to  strike  one  of  the 
protective  strips. 


When  the  wedge  does  not  enclose  the  high 
voltage  electrode  as  in  the  final  two 
configurations,  there  must  again  be  a  blank 
in  the  table  of  results  as  it  is  impossible 
for  a  spark  to  terminate  on  the  central 
electrode  without  crossing  the  surface  of 
the  wedge.  Those  sparks  which  struck  the 
protective  strips  and  which  developed  entirely 
outside  the  wedge  were,  at  every  point, 
closer  to  the  strip  than  to  the  electrode. 

The  proportion  of  sparks  striking  the 
protective  strips  which  developed  in  this 
manner  is  shown  in  Fig  7. 

The  number  of  sparks  which  crossed  the  wedge 
surface  as  they  developed  is  shown  in  Table  1  . 

5  DISCUSSION  OF  RESULTS 

In  the  present  study  the  radome  has  been 
simulated  by  a  hemi-cy lindrical  mock  radome 
some  8  metres  in  length.  The  approaching 
lightning  is  here  represented  by  a  spark 
approximately  3  metres  in  length,  and  the 
conductors  in  and  on  the  radome  are  earthed. 
Thus  the  conditions  are  not  similar  to  those 
of  an  aircraft  in  flight.  Nevertheless  the 
tests  should  be  able  to  indicate  whether  the 
analysis  based  on  the  concept  of  a  lightning 
striking  distance  has  sufficient  merit  to 
warrant  continued  study.  The  use  of  the 
cylindrical  model  has  allowed  comparison  to 
be  made  between  the  actual  spark  paths  and 
the  path  limits  implied  by  the  electro¬ 
geometric  model. 

Long  spark  studies  in  high  voltage  laborator¬ 
ies  have  shown  that  the  spark  path  between 
two  widely  separated  electrodes  has  a  greater 
apparently  random  component  when  the  applied 
impulse  voltage  has  a  long  wavefront. 

The  forms  of  the  wedges  for  the  configurations 
studied  are  shown  in  Fig  9.  For  condition  1 
and  short-fronted  impulses  95%  of  the  sparks 
struck  the  central  electrode  and  of  those 
95%  developed  entirely  within  the  wedge,  ie 
the  spark  developed  to  the  electrode  nearest 
to  it . 

One  spark  which  hit  the  central  electrode  was 
for  part  of  its  development  nearer  to  the 
protective  strip.  This  occurred  at  some 
1j  metres  fro1#  the  cylindrical  surface. 

With  long-fronted  impulses  applied  only  59% 
of  the  sparks  hit  the  central  electrode  but 
every  one  of  these  sparks  developed  entirely 
within  the  inverted  wedge.  All  the  remaining 
41%  of  the  sparks  which  hit  the  protective 
strips  crossed  the  wedge  surface  within 
1  metre  of  the  high  voltage  electrode. 

The  critical  gap  length  for  the  long-fronted 
impulse  breakdown  was  therefore  less  than 
3  metres.  When  the  inner  electrode  was 
situated  at  the  critical  radius  the  wedge 
became  an  infinite  one.  For  short-fronted 
impulses  applied  for  this  test  condition  one 
spark  divided  into  two  channels.  One  branch 
hit  the  central  electrode  while  the  other 
struck  one  of  the  protective  strips. 

Sixteen  out  of  17  sparks  to  the  central  con¬ 
ductor  developed  entirely  within  the  wedge. 
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When  long-fronted  Impulses  were  used  59% 
struck  the  central  electrode  -  as  in  the 
previous  long-fronted  case.  Nine  of  these 
were  contained  within  the  wedge  and  seven 
crossed  the  wedge  surface  as  they  developed. 

These  paths  therefore  are  not  compatible 
with  the  assumptions  of  the  electrogeometric 
model  that  the  spark  will  develop  to  the 
conductor  nearest  to  it.  Once  again  the 
sparks  which  developed  to  the  strips  crossed 
the  wedge  surface  within  a  metre  of  the  HV 
electrode. 

For  the  third  electrode  configuration  and 
short-fronted  impulses,  two  of  the  20  sparks 
split  near  the  radome  surface  and  hit  both 
the  central  electrode  and  a  protective  strip. 
Eight  strikes  occurred  to  the  rod  and  14  to 
the  protective  strips.  Half  of  these 
developed  entirely  outside  the  wedge  but  the 
other  half  criss-crossed  the  wedge  surface 
before  finally  striking  the  protective  strip, 
in  conflict  with  the  assumed  model.  This 
also  occurred  when  long-fronted  impulse 
voltages  were  used.  Five  out  of  11  sparks 
exhibited  this  behaviour.  Only  20%  of  the 
sparks  hit  the  central  rod. 

In  the  fourth  configuration,  where  the  height 
of  the  wedge  tip  was  1435  millimetres,  the 
number  of  sparks  striking  the  central  rod 
was  only  two  for  each  form  of  voltage.  Over 
three-quarters  of  the  sparks  hitting  the 
protective  strips  developed  outside  the 
wedge . 

The  results  of  this  attempt  to  compare  the 
spark  forms  observed  with  the  limits  set  by 
the  very  simple  electrogeometric  model  are 
encouraging. 

6  CONCLUSIONS 

The  application  of  the  electrogeometric 
model  to  a  cage  of  protection  strips 
surrounding  some  internal  metalwork,  produces 
a  model  which  offers  an  explanation  of  facts 
that  would  be  expected  to  apply.  For 
example  increasing  the  number  of  protection 
strips  increases  the  degree  of  protection 
given  and  that  the  protection  depends  upon 
the  value  of  the  striking  distance.  Ref  3 
shows  striking  distance  to  be  a  function  of 
change  in  the  lightning  leader  and  hence  of 
peak  lightning  current.  It  follows  that  if 
the  model  is  valid  then  the  probability  of 
an  attachment  to  protected  metalwork  is  also 
a  function  of  the  lightning  current. 

It  would  also  be  reasonable  to  assume,  as 
the  model  shows,  that  reducing  the  ipacing 
between  the  protective  cage  and  the  internal 
metalwork  requires  a  closer  conductor  pitch 
to  achieve  protection.  What  is  of  interest 
is  that  as  this  spacing  is  reduced  the 
number  of  conductors  required  increases 
quite  sharply. 

A  useful  concept  for  the  design  of  protection 
schemes  is  the  critical  value  of  R2/R1  • 

This  ratio  will  be  fixed  for  a  given  problem 
since  it  depends  upon  the  radius  of  the 


radome  and  the  closest  distance  of  approach 
of  the  radar  antenna,  the  critical  number  of 
protection  strips  can  be  found  by  equating 
R2/Ri  to  cos  (180/n)  .  According  to  the 
theory  the  number  of  strips  required  will  be 
greater  than  this  and  dependent  upon  the 
degree  of  protection  required.  It  does 
however  give  a  starting  point  for  the  design 
and  a  method  of  evaluating  an  existing 
design. 

Fig  3  shows  the  protection  given  to  be  a 
function  of  L1/R1  and  the  requirement  for 
protection  is  that  L^j  is  less  than  the 
striking  distance.  Assuming  striking  distance 
to  be  independent  of  the  size  of  the  radome 
and  Li  is  required  to  be  some  proportion  of 
the  striking  distance,  then  the  larger  the 
radome  the  greater  the  degree  of  protection 
for  a  fixed  Ro/Ri  and  constant  number  of 
protection  strips.  Hence  the  model  predicts 
a  size  factor  of  increased  protection  for 
increasing  radius  even  though  the  pitch  of 
the  protection  strips  has  increased.  A 
similar  application  of  the  puncture/f lashover 
criterion  would  require  more  protection  strips 
to  keep  the  required  distance  between  strips. 
This  apparent  difference  arises  because  of  the 
assumption  that  the  lightning  leader  touches 
the  radome  surface  does  not  hold,  since  the 
discharge  goes  straight  to  a  protective 
conductor  for  the  number  of  strips  greater 
than  the  critical  number.  If  the  number  of 
strips  is  less  than  this,  the  the  leader  may 
touch  the  surface  and  protection  depends  upon 
the  dielectric  strength  of  the  radome. 

The  test  results  are  in  general  agreement  with 
the  model  predictions  but  not  totally  so. 

This  is  not  surprising  since  the  model 
assumes  that  a  discharge  will  go  to  the 
nearest  conductor,  this  can  only  be  approxi¬ 
mately  true  since  we  are  dealing  with 
probabilities  and  not  absolute.  It  is 
reasonable  to  expect  there  to  be  a  greater 
probability  of  an  attachment  to  the  nearest 
conductor  rather  than  a  certainty,  the 
probability  will  be  a  function  of  extra 
distance  to  be  travelled  to  the  further 
conductor  as  well  as  of  the  electric  field 
distribution,  etc.  This  represents  an  error 
in  the  basis  of  the  model  and  can  be  expected 
to  reduce  the  degree  of  protection  predicted. 
This  variation  would  also  be  expected  to  be 
a  function  of  the  rise  time  and  polarity  of 
the  test  waveform  used.  Additional  complica¬ 
tions  would  arise  due  to  the  conditions 
pertaining  to  an  aircraft  in  flight  such  as 
the  lack  cf  an  earth  connection,  effects  of 
airflow  and  radome  dielectric  charging. 
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Fig.  7  Proportion  of  the  sparks  to  the  central 
electrode  which  lay  entirely  within  the 
'wedge',  to  a  base  of  the  radial 
teparation  between  the  central  electrode 
and  the  outer  turface. 
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the  radial  separation  between  the 
central  electrode  and  the  outer  surface. 
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